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Introduction
1.1 Photovoltaics: A historical perspective
Photovoltaics literallymeans light-electricity: photocomes fromthe Greek phos,
meaning light, and volt from the Italian scientist Alessandro Volta; a pioneer in
the study of electricity. This technology has many advantages: it is modular,
clean, easy to maintain, and can be installed almost anywhere to suit the needs
of the user. The electricity produced can be used directly, stored locally or fed
into an existing electricity grid.
The discovery of the photovoltaic effect is ascribed to the French physicist
Edmund Becquerel in 1839, who reported a photocurrent when a silver coated
platinum electrode was illuminated in aqueous solution [1]. Forty years later,
in 1873 and 1876, respectively, Smith and Adams were the ﬁrst to report on ex-
periments with selenium [2, 3]. By that time the ﬁrst solid state photovoltaic
devices were constructed. In 1906 Pochettino [4], and in 1913 Volmer [5], dis-
covered photoconductivity in anthracene. However, it was not the photovoltaic
properties of materials, like selenium which excited researchers, but the photo-
conductivity. In the late 1950s and 1960s the potential use of organic materials as
photoreceptors in imaging systems was recognized [6]. The scientiﬁc interest as
well as the commercial potential led to increased research into photoconductiv-
ity and related subjects. In the early 1960s it was discovered that many common
dyes, as methylene blue, had semiconducting properties [7]. Later, these dyes
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were among the ﬁrst organic materials to exhibit the photovoltaic effect [8, 9].
Most of the earlier understanding of the photovoltaic effect in organic photocells
comes from the study of devices fabricated from many biological molecules like
carotenes, chlorophylls and other porphyrins, and the structurally related ph-
talocyanines.
The ﬁrst fabricated inorganic solar cell was reported by Chapin, Fuller and
Pearson in 1954 at Bell Laboratories [10]. It was a crystalline silicon solar cell,
which converted sunlight into electric current with an efﬁciency of 6%, six times
higher than the best previous attempt. Over the years the efﬁciency of crys-
talline silicon cells has reached more than 24% in a laboratory setting [11], which
is close to the theoretical upper limit of 31% [12, 13]. The technology used
to make most of the silicon solar cells fabricated so far, beneﬁted greatly from
the high standard of silicon technology developed originally for transistors and
lately for integrated circuits.
Today, a range of photovoltaic (PV) technologies are commercially available
or are under development in the research laboratories. An overview of the cur-
rent PV technologies and the efﬁciencies reached are presented in Table 1.1.
Wafer-based crystalline silicon has dominated the photovoltaic industry
since the dawn of the solar PV area [13, 14]. It is widely available, has a con-
vincing track-record in reliability and its physical characteristics are well under-
stood, in part thanks to its use in the half-century-old microelectronics industry.
Puriﬁed silicon (polysilicon) is the basic ingredient of the silicon modules. It is
melted and solidiﬁed using a variety of techniques to produce ingots or ribbons
with different degrees of crystal perfection. The ingots are shaped into bricks
and sliced into thin wafers. Wafers are processed into solar cells and intercon-
nected in weather-proof packages designed to last for at least 25 years. For the
past few years the availability of polysilicon feedstock has been a critical issue
for the rapidly growing PV industry. The tight supply has caused very high
polysilicon spot market prices and has limited production expansion for part of
the industry [15].
The highest solar cell efﬁciency has been demonstrated using III-V semicon-
ductors [51]. GaAs, InP and their alloys have been used in single-junction and
multi-junction conﬁgurations. The attractive features of GaAs are its high ab-
sorbtion coefﬁcient (devices only few ¹m thick absorb most of the light) and its
high temperature coefﬁcient compared with silicon (GaAs solar cells performs
better in situations where the cells operates at high temperature and in space).
GaAs cells have been developed primarily for use in space applications where
the priority is to reduce the cell weight. However, GaAs cells are used in ter-1.1. Photovoltaics: A historical perspective 3
Table 1.1: Current photovoltaic technologies and their efﬁciencies.
Technology Photovoltaic device Conversion efﬁciencies and notes
Monocrystalline solar
cells
Silicon solar cells 24.7% laboratory efﬁciency [11];
20.1% commercial module efﬁ-
ciency [17]
Galium arsenide (GaAs) 25.1% laboratory efﬁciency [51]
Thin-ﬁlm technologies
Thin-ﬁlm silicon (TFSi) 9.5% (a-Si) [18]; 12% (tandem a-
Si/¹c-Si) [19]; 13% (triple junction
usingSiGealloys)[20]. Alltheseare
laboratory efﬁciencies
Cu(In, Ga)(S, Se)2 and re-
lated I-III-VI compounds
(CIGS)
19.9% laboratory efﬁciency [21];
13.4% commercial module efﬁ-
ciency [22]
Cadmium telluride (CdTe) 16.5% laboratory efﬁciency [23];
10.7% commercial module efﬁ-
ciency [24]
GaAs 24.5% [52]
Organic-based solar
cells
Bulk-heterojunction solar
cells
6.5% laboratory efﬁciency [26]
Dye-Sensitizedcells(Graet-
zel cell)
10.4% laboratory efﬁciency [27]
Novel PV technologies:
Novel active layers
Quantum wells, Quantum
wires, Quantum dots,
Nanoparticle inclusion in
host semiconductor
Theoretical efﬁciency limits are 50-
60% [28, 29]
Novel PV technologies:
Boosting the structure
at the periphery of the
device
Up-down converters > 10% efﬁciency improvement rel-
ative to baseline should be demon-
strated in the coming decade
Exploitation of plasmonic
effects
> 10% efﬁciency improvement rel-
ative to baseline should be demon-
strated in the coming decade
Concentrator photo-
voltaic technologies
(CPV)
Si concentrator cells, III-V
multi-junction cells
Laboratory efﬁciencies: 26.8% @ 96
suns (Si cells) [30]; 40.7% @ 240
suns (III-V cells) [31]
restrial applications for power generation under concentrated light. The main
challenges for GaAs solar cells relate to minimize front surface and junction
recombination, minimize series resistance and substrates costs (yet depositing
GaAs on GaAs substrates is prohibitively expensive).
Thin-ﬁlm solar cell active layer materials are deposited directly on large area
substrates, such as glass panels (square meter-sized and larger) or foils (several
hundred meters long). Thin-ﬁlm PV has an inherent low-cost potential because
itsmanufacturerequiresonlyasmallamountofactive(highcost)materials(ﬁlm
thickness is typically 1 ¹m) and is suited for fully integrated processing and4 Chapter 1: Introduction
high throughputs [14]. There are three major inorganic thin-ﬁlm technologies:
amorphous/microcrystalline silicon (TFSi), the polycrystalline semiconductors
CdTe, and Cu(In, Ga)(S, Se)2 (CIGS). The CIGS technology currently exhibits the
highest cell and module efﬁciencies of all inorganic thin ﬁlm technologies [22].
A main challenge specially facing CIGS thin-ﬁlm technology is the reduction of
the material costs: high cost materials (In, Ga) should be replaced, active layer
thicknesses should be reduced, and tolerance impurity in the materials should
be increased. Another problematic issue is that the available resources of in-
dium are very limited. The attractive features of CdTe are its chemical simplicity
and stability. Because of its highly ionic nature, the surfaces and grain bound-
aries tend to passivate and do not contain signiﬁcant defects. Its ionic nature
also means that absorbed photons do not damage its stability. CdTe’s favorable
thermo-physical properties and chemical robustness make the CdTe cells easy
and cheap to manufacture, using a variety of deposition methods. The efﬁciency
of CdTe cells depends on how the CdTe layers are grown, the temperature at
which the layers are deposited and the substrate on which they are deposited.
The main concern with this technology is the toxicity of the materials involved,
even though very small amounts are used in the modules.
Organic solar cells offer the prospect of low cost active layer material, low-
cost substrates, low energy input and easy upscaling. Another advantage is
the possibility of printing active layers , thereby boosting production through-
puts typically by a factor of 10 to 100 compared to other thin-ﬁlm technologies.
Within ”organic solar cells”, two technology branches exist. One is the hybrid
approach in which organic solar cells retain an inorganic component (for exam-
ple the Graetzel cell [27]). The other is the full organic approach (for example
bulk-heterojunction solar cells [26]). More details about organic solar cells will
follow in the next section. The main challenges for both approaches relate to the
increase of efﬁciency, stability improvement and the development of a technol-
ogy adapted for these materials.
ThenovelPVtechnologiescanbecharacterizedashigh-efﬁciencyapproaches.
Within this category, a distinction is made between approaches that tailor the
properties of the active layer to better match the solar spectrum and approaches
that modify the incoming solar spectrum without fundamentally modifying the
active layer properties. By introducing quantum wells or quantum dots consist-
ing of a low-band gap semiconductor within a host semiconductor with a wider
band gap, the current might be increased while retaining (part of) the higher
output voltage of the host semiconductor [32, 33]. Tailoring the incoming solar
spectrum for maximum conversion efﬁciency in the active semiconductor layer1.2. Organic solar cells 5
relies on up- and down-conversion layers and plasmonic effects [34–36]. The
application of such effects in PV is deﬁnitely still at a very early stage, but the
fact that they can be ”bolted-on” to conventional solar technologies (crystalline
silicon, thin ﬁlms) may reduce their time-to-market considerably. An improve-
ment of at least 10% (relative) of the performance of existing solar cells technolo-
gies thanks to up- and down-convertors or the exploitation of plasmonic effects
should be demonstrated in the coming decade.
The concentrator technologies (CPV) are based on the idea of concentrating
sunlight to generate photovoltaic electricity, which is as old as the science of
photovoltaics itself. Concentrating the sunlight by optical devices like lenses or
mirrors reduces the area of solar cells and/or of the modules that house them,
and increases their efﬁciency. CPV’s reliance on beam irradiation and the ne-
cessity to track the sun’s motion across the sky by moving the system, is partly
compensated by longer exposure of the cells to sunlight during the day. The
most important beneﬁt of this technology is the possibility to reach system efﬁ-
ciencies beyond 30%, which can not be achieved by single-junction 1-sun (non
concentrating) photovoltaic technology.
AlthoughPVsystemsarecommerciallyavailableandwidelydeveloped, fur-
ther development of PV technology is crucial to enable PV to become a ma-
jor source of electricity. Currently the research is primarily aimed at reduc-
ing the generation cost of PV electricity which at present may vary from 4 to
8 euro/watt peak [15]. Considering the present development rate the cost of PV
electricity is expected to be competitive with consumer electricity (grid parity)
in Southern Europe by 2015. Speciﬁcally, this means reaching PV generation
costs of 0.15 euro/kWh, or a PV system price of 2.5 euro/watt peak.
1.2 Organic solar cells
Analternativeapproachforinorganicsemiconductorphotovoltaicdevicesisthe
use of organic, molecular semiconductors, which can be processed over large ar-
eas at relatively low temperatures, either by vacuum sublimation of molecular
materials, or, preferably, by processing from solution of ﬁlm-forming materials
such as polymers. Compared with Si, high optical absorption coefﬁcients are
possible with these materials, which allows production of thin solar cells with
many advantages and opportunities as a result. An additional feature of an or-
ganic semiconductor is that they are less expensive compared with inorganic
semiconductors like Si. The challenges in developing organic semiconductors
for use in photovoltaic applications are considerable; requiring new materials,6 Chapter 1: Introduction
new methods of manufacture, new device architecture, new substrates, and en-
capsulation materials.
Until the seventies, carbon-based molecules and polymers have been con-
sidered to be insulating materials, and as such have been exploited as electrical
insulators in many applications. A step forward for the molecular electronic ma-
terialswasthediscoveryin1977byHeegeretal. thattheconductivityofthecon-
jugated polymer polyacetylene can be increased by several orders of magnitude
upon doping with iodine [37]. This discovery was followed by the observation
of electroluminescence in poly(p-phenylene vinylene)(PPV) in 1990 [38, 39], that
initiatedanexcitingandrapidlyexpandingﬁeldofresearchintothesematerials.
The novel electronic properties of both molecular and polymeric semiconduc-
tors arise from their conjugated chemical structure. This means that the bonds
between carbon atoms in the framework of the polymer are alternating single
or double (called conjugation). In conjugated materials three sp2 hybrid orbitals
form covalent bonds: one with each of the carbon atoms next to it, and the third
with a hydrogen atom or other group. The remaining electron occupies a pz
orbital. The mutual overlap of pz orbitals creates ¼ bonds along the conjugated
backbone, by that delocalizing ¼ electrons along the entire conjugated path. The
highest ﬁlled ¼ orbital is named the highest occupied molecular orbital (HOMO)
and the empty lowest ¼¤ orbital is named the lowest unoccupied molecular or-
bital (LUMO). The energy gap between the HOMO and the LUMO ranges from
1 to 4 eV which makes most semiconducting polymers ideally suited for appli-
cations in optoelectronic devices operating in the visible light range.
An organic solar cell consists of a photoactive layer sandwiched between
two different electrodes. One of the electrodes must be (semi-)transparent since
the cell will be exposed to light. The underlying principle of a light-harvesting
organicPVcellconsistsofsixdistinctprocesses: (a)absorptionofaphotoncreat-
ing an exciton (bound electron-hole pair); (b) exciton diffusion; (c) charge trans-
fer at donor/acceptor interface; (d) dissociation and separation of the carrier
pair; (e) charge carrier transport to the corresponding electrodes; (f) collection
of charges by the electrodes.
The photoactive layer is based on a single, a bi-layer, or a mixture of two
(or more) semiconductors. PV devices based on dyes or polymers yield limited
power conversion efﬁciencies, typically well below 0.1%, mainly because of the
low relative dielectric constant of organic materials. Due to this low dielectric
constant strongly bound excitons are formed upon light absorption. Therefore
the electric ﬁeld in PV device, due to the work function difference between the
electrodes, is much too weak to dissociate the excitons. Tang et al. demonstrated1.2. Organic solar cells 7
that bringing a donor and an acceptor together in one cell dramatically increases
the power conversion efﬁciency to 1% [40]. This concept of the heterojunction
has since been widely exploited in a number of donor-acceptor cells: dye sen-
sitized solar cells [41–43], planar organic semiconductor cells [40, 44–46], and
bulk heterojunction solar cells [47–50]. The idea behind a heterojunction is to
use two semiconductors with different electron afﬁnities and ionization poten-
tials. This favors exciton dissociation at the interface: the electron is accepted
by the semiconductor with the larger electron afﬁnity and the hole by the ma-
terial with the lower ionization potential. In the planar heterojunction (bi-layer
device) charge separation is much more efﬁcient at the donor/acceptor (D/A)
interface than at the electrode interface in the single layer device. In this device
the excitons should be generated in the close proximity to the D/A interface,
within the exciton diffusion length. Otherwise, the excitons decay instead of to
contribute to the photocurrent.
One of the most used acceptors in planar heterojunction solar cells is the
football-shaped fullerene molecule C60. The sixty electrons from the pz orbitals
give rise to a delocalized ¼ system similar to that in conjugated polymers. The
electron mobility of 0.08 cm2V¡1s¡1 [51], reported from ﬁeld-effect measure-
ments on thin ﬁlms of evaporated C60, and mobilities of 0.5 cm2V¡1s¡1, mea-
sured by time-of-ﬂight experiments [52] for C60 single-crystals grown from the
vapor phase, makes it ideal for use as an electron acceptor in organic PV cells.
In 1992 Sariciftci et al. report the photoinduced electron transfer from a semi-
conducting polymer onto C60 [53].
It is clear that exciton dissociation is most effective at the interface in the
planar heterojunction cells, thus the exciton should be formed within its diffu-
sion length from the interface. Since typically diffusion lengths are only 5-7 nm
[54, 55], this limits the effective light-harvesting layer. However, for most or-
ganic semiconductors the ﬁlm thickness should be more than 100 nm in order to
absorb most of the light. Therefore thick ﬁlm layers increase light absorption but
only a small fraction of the excitons will reach the interface and dissociate. This
problem was solved by Yu et al. [49] who intimately mixed the donor and accep-
tor. Therefore the interfacial area is greatly increased and the distance excitons
have to travel in order to reach the interface is reduced. This device structure is
called bulk heterojunction, and has been extensively used since 1995. One of the
inherent problems with bulk heterojunction is that of solid-state miscibility. Yu
et al. showed that the solvent used plays an important role on the ﬁlm quality,
and implicitly on the performance of the bulk heterojunction solar cell. Further
experiments performed by Shaheen et al. strengthened the fact that the solid8 Chapter 1: Introduction
state morphology has an important effect on the power conversion efﬁciency
of solar cells. In 2000 [56] they obtained the ﬁrst truly promising results for
bulk heterojunction solar cells when mixing MDMO-PPV and [60]PCBM (1:4
by weight) and optimizing the nanoscale morphology of the ﬁlm, yielding to
a power conversion efﬁciency of 2.5%. Nowadays the power conversion efﬁ-
ciency of polymer/fullerene bulk heterojunction solar cells approaches 6% [26].
1.3 Characterization of organic solar cells
1.3.1 Determining the charge carrier mobility
The current density-voltage characteristics in the dark are the result of the
bulk charge carrier transport properties and the electrical properties of the
organic-electrode interface. Generally, electrical characteristics are essentially
interface-dependentinthelowvoltage/lowcurrentregime, whiletheyarebulk-
dependent in the high voltage/high current regime (Figure 1.1). In the lat-
ter case, when the applied voltage (Vbias) exceeds the built-in voltage (Vbi) the
dark current density scales quadratically with de voltage indicative of a space-
charge limited (SCL) transport. One of the frequently used tools to determine
the charge carrier mobilities is to examine the space charge limited conduction
in the dark from current-voltage measurements. The SCL dark conduction oc-
curs when the contacting electrodes are capable of injecting either electrons into
the conduction band or holes into the valence band of a semiconductor or an
insulator, and when the initial rate of such carrier injection is higher than the
rate of recombination or extraction, so that the injected carrier will form a space
charge, limiting the current ﬂow. Therefore the SCL current is bulk limited.
The mobility ¹ of carriers in molecularly doped polymers is empirically de-
scribed by a stretched exponential dependence [57, 58]:
¹ = ¹0 exp
Ã
°
r
V
L
!
(1.1)
where ¹0 is the zero-ﬁeld electron mobility, ° the ﬁeld activation factor, and V=L
is the applied electric ﬁeld.
For a trap free semiconductor, assuming that the injecting contact is Ohmic,
the SCL current density is given by the Mott-Gurney equation: [59]
JDark =
9
8
²¹
V 2
L3 (1.2)
where ² is the dielectric constant of material, V is the internal voltage of the1.3. Characterization of organic solar cells 9
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Figure 1.1: The J ¡ V characteristic in the dark with the three different domains.
device, ¹ is the charge carrier mobility and L is the thickness of the active layer.
In the foregoing discussion, only the dependance of the charge carrier mobility
on the electric ﬁeld was taken into account. Thus the SCLC is given by: [60]
JDark =
9
8
²¹0 exp
Ã
0:89°
r
V
L
!
V 2
L3 (1.3)
Here V is related to the applied voltage (Vbias) as:
V = Vbias ¡ Vbi ¡ VRS (1.4)
where the built-in voltage (Vbi) is the voltage at which the J ¡ V characteristic
become quadratic. The VRS is the voltage drop across the series resistance of the
substrate.
Recent developments shown that the application of Equation 1.1 to describe
the electric ﬁeld dependence of the charge carrier mobility in low mobility me-
dia is not fully correct due to the fact that the density dependence of charge
carrier mobility has been neglected [61–63]. It should be noted, however, that
the charge carrier density in solar cells is fairly modest [64] and the density de-
pendence of charge carrier mobility is negligible.
One can choose the electrodes materials in such a way that the injection of
either electrons or holes can be suppressed or enhanced, thereby enabling to
selectively determine the charge carrier mobility of either electrons or holes.
This can be achieved if the work function of one of the electrodes is close to the10 Chapter 1: Introduction
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Figure 1.2: Typical J ¡ V curves of an organic bulk heterojunction solar cell in the dark
(empty symbols) and illumination (full symbols) conditions. The short-circuit current
density (JSC) and open-circuit voltage (VOC) are shown. The maximum output power is
given by the rectangle Jmax £ Vmax .
energy level of the transport band under investigation, while a high barrier for
injection of the other carrier type into the material exists. An energy diagram
for such an electron-only and hole-only device will follow in Chapter 2.
1.3.2 Characterization under illumination
In order to determine the performance of a solar cell device, as well as its elec-
trical behavior, current density-voltage (J ¡ V ) measurements in the dark and
under illumination are performed. Figure 1.2 shows the typical J ¡ V curve
of a solar cell in the dark (empty symbols) and under illumination (full sym-
bols). The photovoltage developed when the terminals are isolated is called the
open circuit voltage (VOC). The photocurrent drawn when the terminals are
connected together is the short-circuit current (JSC). The operating regime of a
solar cell is the range of bias from 0 to VOC in which the cell delivers power.
The cell power density is given by:
P = J £ V (1.5)
P reaches a maximum at the cell’s operating point or maximum power point. The
maximum of the obtained electrical power Pmax is located in the fourth quad-
rant where the product of current density J and voltage V reaches its maximum1.4. Motivation and outline of the thesis 11
value :
Pmax = Jmax £ Vmax (1.6)
The ﬁll factor (FF) measures the quality of the shape of the J ¡ V curve and is
deﬁned as:
FF =
Jmax £ Vmax
JSC £ VOC
; (1.7)
which is the ratio between the Pmax that can be drawn from the device and the
product of JSC and VOC. The power conversion efﬁciency ´ of a solar cell is
related to these three quantities by:
´ =
JSC £ VOC £ FF
Plight
(1.8)
where Plight is the power of the incident light.
These four quantities JSC, VOC, FF and ´ are the key performance charac-
teristic parameters of a solar cell. All these photovoltaic parameters should be
deﬁned for particular illumination conditions. The Standard Test Conditions
(STC) include a constant temperature of the PV cells (25 oC), the intensity of
radiation (1000 W/m2), and the spectral distribution of the light (air mass 1.5
or AM 1.5 global, which is the spectrum of sunlight that has been ﬁltered by
passing through 1.5 thickness of the earth atmosphere).
The photocurrent generated by a solar cell under illumination at short circuit
is dependent on the incident light intensity. The relation between the photocur-
rent density and the incident spectrum is deﬁned as the cell’s external quantum
efﬁciency (EQE). The EQE is the ratio between the photocurrent and incident
photon ﬂux at one particular wavelength. EQE depends upon the absorption
coefﬁcient of the solar cell material, the efﬁciency of charge separation and the
efﬁciency of charge collection in the device. The EQE does not depend on the
incident spectrum, and it is therefore a key quantity describing solar cell perfor-
mance under different conditions.
1.4 Motivation and outline of the thesis
Photovoltaic technology converts the sun’s rays directly into electricity without
moving parts or emitting pollutants. If its costs can be lowered, photovoltaic
electricity could become a competitive source of energy. It would help to com-
bat the global threat of climate change and improve the security of energy sup-
ply. Although a lot of progress has been made with organic bulk heterojunction
solar cells, which were brieﬂy discussed in the previous sections, the power12 Chapter 1: Introduction
conversion efﬁciency needs to be improved further if these cells are to be com-
mercialized. Since 2000 the bulk heterojunction solar cells are prepared from
conjugated polymers and, with only few exceptions, always using the same
fullerene derivative ([60]PCBM). So far [60]PCBM remains the best perform-
ing soluble fullerene derivative used in polymer:fullerene blends. This thesis
addresses the possibility of using new fullerene derivatives in organic bulk het-
erojunction photovoltaic devices since one of the challenges for organic solar
cells relates to developing of new materials.
Chapter 2 presents an overview of the materials used in the active layer of
bulk heterojunction solar cells, and the protocols that we developed for repro-
ducible device preparation and characterization.
In Chapter 3, experimental studies of the morphology, charge transport and
solar cell performance in blends of P3HT and a newly developed analogue of
[60]PCBM ([60]ThCBM) are presented. [60]ThCBM was designed with the aim
of improving miscibility with polythiophene donors, especially (regioregular)
P3HT.
TheinﬂuenceofﬁlmorganizationontheperformanceoftheP3HT:[60]ThCBM
bulk heterojunction photovoltaic cells is discussed in Chapter 4. The photo-
voltaic performance of the fast drying and subsequent annealing of the active
layer is compared with the one of the cells with a slow growth photoactive layer.
The beneﬁt of a well balanced and enhanced charge carrier transport for slow
growing ﬁlms makes it possible to fabricate thicker ﬁlms maximizing the light
absorption in these blends.
Chapter 5 addresses the electrical stability of P3HT:Methanofullerene bulk
heterojunction solar cell devices which has been investigated under standard
condition of illumination and temperature. Electrical and optical properties of
these devices have been monitored for a test period of 1000 hours of continuous
illumination.
Finally, Chapter 6 describes the solar cells performance in blends of P3HT and
a mixture of two n-type semiconductors with approximately the same electron
accepting ability (as measured by the reduction potential) such as C60 and C70
fullerene derivatives. The use of two or more different n-type semiconductors
concomitantly in the same device is essentially unheard of in the ﬁeld of organic
electronics, let alone solar cells. Furthermore, the effect that certain impurities
in the n-type semiconductor composition (such as pure C60 or higher fullerenes
than C70) have on the electrical properties of the solar cell devices is quantiﬁed.REFERENCES AND NOTES 13
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Materials and experimental
techniques
A short overview of the materials used and the protocols that we developed
for reproducible device preparation and characterization will be presented. The
operational characteristics of devices based on organic semiconductors are very
sensitive with respect to the exposure to oxygen and water. Therefore the prepa-
ration and characterization of such devices should be carried out in a controlled
atmosphere. For this purpose we performed our experiments in a glove-box
system equipped with preparation facilities such as a spin-coater, a vacuum de-
position system, and electrical characterization set-up.
1920 Chapter 2: Materials and experimental techniques
2.1 Introduction
Since1977whentheﬁeldofelectronicsbasedonconjugatedpolymersstarted[1]
a number of a new processing technologies such as spin-coating, ink-jet print-
ing, screen printing, and soft lithography techniques have been developed for
these ﬂexible materials. In all of these cases, special measures need to be taken
during the preparation and characterization of the devices. For instance water
and oxygen molecules can easily penetrate in the organic ﬁlms, reacting with
the employed electrodes, modifying the chemical nature of the molecules, act-
ing as traps, doping agent, or quenching sites [2–5]. As a result, the transport
properties of a semiconductor change in time by exposure to air or moisture and
this limits the performance of the solar cell devices. This illustrates the impor-
tance of controlled environment during the preparation and characterization of
the organic-based devices. We present the protocols that were developed for
reproducible preparation and characterization of solar cell devices. Different
device structures, used for the experimental evaluation of the transport prop-
erties, such as electron and hole mobilities are described. Finally, the experi-
mental setup for the study of the degradation of the cells upon light exposure is
described.
2.2 Device preparation
2.2.1 Materials and solutions
Absorption of light in organic materials results in the production of strongly
bound electron-hole pairs (Frenkel type excitons), which have quasi-particle
sizes smaller than the ones produced in inorganic solar cells. This ﬁnds its ori-
gins in the weak van der Waals type intermolecular forces in organic materials
that localize the excitons within molecules.
In general two semiconductors with different electron afﬁnities are needed
to dissociate these excitons in free charge carriers in organic solar cells. One
of the organic semiconductors used, the electron-donating material (the donor,
p-type semiconductor), is a conjugated polymer. The conjugated polymers
used through this thesis are: poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-
phenylene vinylene) (MDMO-PPV) and regioregular poly(3-hexylthiophene)
(P3HT) (See Figure 2.1). By replacing MDMO-PPV with P3HT higher solar cell
efﬁciencieswereobtained, aswillbedemonstratedinChapters3and4. MDMO-
PPVwaspurchasedfromCovionandusedhereasreceived. RegioregularP3HT,2.2. Device preparation 21
Figure 2.1: Chemical formulae of the conjugated polymers used in this thesis.
electronic grade ( regioregularity more than 98.5 %, purchased from Rieke Met-
als Inc.) was further puriﬁed by Bert de Boer in our laboratory [6]. The typical
average molecular weight, suggested by SEC (size exclusion chromatography),
was ¼ 50,000 g/mol.
The other semiconductor used in the active layer of these solar cells is
an electron-accepting material (the acceptor, n-type semiconductor), which
is in our study a methanofullerene. Methanofullerenes possess many ben-
eﬁts compared to the native (un-derivatized) fullerene in organic electron-
ics. One beneﬁt is their increased processability (increased solubility in aro-
matic solvents) compared to native fullerenes, while maintaining much of the
desirable electronic properties of the native fullerene. The most commonly
used methanofullerene is [6,6]-phenylC61 butyric acid methyl ester ([60]PCBM).
Another methanofullerene derivative is [6,6]-thienylC61 butyric acid methyl
ester([60]ThCBM) (used in the Chapter 3 and Chapter 4 of this thesis). In Chap-
ter 5 a higher methanofullerene analog of [60]PCBM such as [70]PCBM ([6,6]-
phenylC71 butyric acid methyl ester) was used as acceptor in the photoactive
layer of the solar cells. In the last chapter a new library of methanofullerenes
such as: [70]ThCBM ([6,6]-thienylC71 butyric acid methyl ester), [60]ThCBM-
bis adducts and [70]ThCBM-bis adducts, and non-methanofullerene derivatives
called fulleropyrrolidines such as: 2-(4-Butyloxyphenyl)N-methyl[60]fullero-
pyrrolidine ([60]BPMF) and 2-(4-Butyloxyphenyl)N-methyl[70]fulleropyrrolidi-
ne ([70]BPMF) were used as n-type semiconductors. All the n-type semicon-
ductors used throughout this thesis were obtained from Solenne B.V. and their
chemical formulae are presented in Figure 2.2.
To study the device performance, blend solutions of polymer:methanofulle-
rene were prepared. When the MDMO-PPV was the donor material, the sol-
vents used were chlorobenzene (CB) or ortho-dichlorobenzene (ODCB). The op-22 Chapter 2: Materials and experimental techniques
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Figure 2.2: The chemical structures of the methanofullerenes used in this thesis.2.2. Device preparation 23
Figure 2.3: Sandwich structure of a solar cell (left) and the layout of a photovoltaic cell
(right). One substrate contains four devices with different active areas.
timumweightratioofMDMO-PPV:methanofullerene([60]ThCBMor[60]PCBM)
was in this case 1:4 [7, 8]. When the donor material was P3HT, the solvents used
were either chloroform, methylthiophene, or ODCB with an optimum weight
ratio of P3HT:metanofullerene of 1:1 [9]. Furthermore, all solutions prepared
for the experiments which are presented in Chapters 5 and 6 were made from a
mixture of P3HT:methanofullerene of 1:1 in ODCB. The solutions were prepared
in a N2 atmosphere and rigorously stirred for more than 12 hours on a hot plate
maintained at 50 oC, except for the solutions in chloroform which were stirred
at room temperature.
2.2.2 Preparation of various device structures used
A plastic solar cell typically consists of a photoactive layer sandwiched be-
tween a glass substrate covered with a patterned layer of indium tin oxide
(ITO)(from Philips Research Laboratories) and a top electrode (as shown in
Figure 2.3). Prior to the spin-coating of the photoactive layer on ITO, surface
treatments were used to remove the contaminants and to reduce the rough-
ness of the ITO layer. These cleaning steps consist of: rubbing the ITO glass
substrates with soap and water, rinsing with de-mineralized water, followed
by ultrasonic treatment in acetone (for 5 minutes) in order to remove the or-
ganics (soap) from the surface. Next, the substrates were immersed in cas-
cade water (running water with nitrogen bubbling through) for 5 minutes, fol-
lowed by ultrasonic treatment in isopropanol for 5 minutes, and ﬁnally 20 min-
utes of plasma treatment. Subsequently, a 60 nm transparent layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS)(BaytronPVPAl
4083 grade ) was spin coated from an aqueous dispersion under ambient condi-24 Chapter 2: Materials and experimental techniques
Figure 2.4: The Karl Suss spin coater that we used in all our experiments.
tions, in order to improve device performance and stability. After spin coating
the layer was baked at 200 oC, in ambient atmosphere, for 5 minutes in order to
remove the remaining water from the PEDOT:PSS layer, that can cause degra-
dation of the device. The thickness of PEDOT:PSS layer was typically 60 nm.
The photoactive layer was spin-coated on top of the PEDOT:PSS layer using
a Karl Suss spin coater (see Figure 2.4). The spin-coating process was divided
in three steps: in the ﬁrst step the solution is spread over the surface when
the substrate was accelerated to its ﬁnal rotation speed. Subsequently, in the
second step, the substrate was spinning at a constant rate where viscous forces
dominate the thinning behavior of the active layer. In this second step the ﬁlm
is gradually formed and it is often possible to see color change in the reﬂected
light. In the third step, the active layer is drying while the substrate is spinning
at a constant lower rate and the solvent evaporation rate dominates the thinning
behavior. This last spin-coating step was not performed for slow growth active
layers (as will be discussed in the next paragraph). We refer to layers obtained
by the process above as fast growth active layers.
The spin-coating of the organic layer was performed inside a nitrogen glove
box with O2 and H2O levels below 0.1 ppm. The thicknesses of the MDMO-
PPV:methanofullerene ([60]PCBM or [60]ThCBM) blend ﬁlm was typically 100
nm. The fast grown P3HT:[60]ThCBM layer thicknesses varied from 85 to
262 nm. Thermal annealing was performed on complete P3HT:ThCBM de-
vices in a nitrogen (N2) atmosphere on a hot plate at 150 oC for 4 minutes.
This annealing temperature and duration was found to give optimum perfor-2.2. Device preparation 25
Figure 2.5: The metal evaporation system with two sources for simultaneous deposition.
The sample holder which could accommodate nine samples is located above the sources.
mance for the solar cells fabricated using chloroform as solvent [10]. The slow
growth P3HT:methanofullerene ﬁlms were spun from either 2-methylthiophene
or ODCB solution on top of the PEDOT:PSS layer. Subsequently, the wet ﬁlms
were dried overnight at room temperature, inside a N2 glove box, in a closed
Petri dish [11]. The active layer thicknesses ranged for these devices from 150
to 500 nm. All the ﬁlm thicknesses were determined with a Dektak 6M Stylus
proﬁler (Veeco).
The top electrode was deposited by thermal evaporation through a shadow
mask at a base pressure of 10¡7 mbar. All the top electrode materials used in this
thesis were obtained from Sigma Aldrich. The metal deposition system (see Fig-
ure 2.5) includes two resistive heating evaporation sources located at the bottom
of the evaporating chamber. Boats made of a refractory metal (tungsten or tan-
talum) were used as deposition sources. The evaporation rate can be controlled
by the applied electrical power. The sample holder, which could accommodate
nine substrates with the typical size of 3£3 cm2 each, was positioned above the
two sources. Each substrate consisted of four independently addressable de-
vices with different active areas: (0:096§0:002), (0:172§0:001), (0:378§0:001),
and (1:047§0:02) cm2. These areas were measured at Energy research Centre of
the Netherlands (ECN) using an optical microscope. For all the solar cell devices
presented throughout this thesis, the top contact was either LiF (1 nm)/Al (100
nm) or Sm (5 nm)/Al (100 nm). Chapter 3 addresses the variation of the pho-
tovoltaic parameters of P3HT:[60]ThCBM solar cell devices as a function of the26 Chapter 2: Materials and experimental techniques
Figure 2.6: Schematic representation of an electron-only device (left) and of a hole-only
device (right).
annealing temperature for these two different top contacts (Sm/Al and LiF/Al).
The electron-only (see Figure 2.6 left) devices, used to investigate the elec-
tron transport in the pristine [60]ThCBM ﬁlms, were fabricated in the same way
as was presented above. For such a device it is expected that LiF/Al will form
an Ohmic contact for electron injection into [60]ThCBM. The work function of
PEDOT:PSS (5.2 eV) does not match the HOMO level of [60]ThCBM (¼ 6:1
eV), thus the hole injection current from PEDOT:PSS into [60]ThCBM can be ne-
glected. Consequently, only the electrons are expected to ﬂow into [60]ThCBM
under forward bias conditions, therefore in the dark only the electron current is
measured [13].
Inordertoinvestigatetheholetransportthroughthepolymerphase(MDMO-
PPV or P3HT) in a blend with [60]ThCBM, the electron current through the
[60]ThCBM (or other methanofullerene) phase has to be blocked. This can be
achieved by choosing proper electrodes which suppress the injection of elec-
trons into the device, resulting in a hole-only device (see Figure 2.6 right) [14].
The hole-only devices were fabricated with the following structure: ITO/ PE-
DOT:PSS/Polymer (MDMO-PPV or P3HT):[60]ThCBM/Pd. The work function
of PEDOT:PSS is about 5.2 eV. Hence, PEDOT:PSS serves as an Ohmic contact
for hole injection into the HOMO level of the polymer (MDMO-PPV or P3HT).
The work function of Pd is about 5.12 eV, which leads to a large mismatch with
the LUMO level of [60]ThCBM [15] and therefore it prevents injection of the
electrons into [60]ThCBM [16](or other methanofullerene with similar LUMO
level).
2.3 Morphology and optical properties
Atomic Force Microscopy (AFM) probes the topography of a surface. The oper-
ation of an AFM is based on the measurement of the force between the sample2.3. Morphology and optical properties 27
Figure 2.7: Solar cell set-up (left) that consist of a light source (1), sample table, and elec-
trical connectors (2). At the right is a solar cell (with the four active areas) during illumi-
nation from the halogen lamp.
surface and a sharp tip located at the free end of a ﬂexible cantilever. While
the tip is scanned with respect to the sample, the interaction between the tip
and the surface causes the cantilever to deﬂect. The magnitude of the deﬂec-
tion is measured with high precision by the reﬂection of a laser beam from the
back side of the cantilever on a photodiode detector. Depending on the distance
between the tip and surface, three main AFM operation modes can be distin-
guished: contact, non-contact and tapping mode. One of the main advantages
of AFM is that any type of sample can be scanned, although the resolution that
can be achieved with AFM is lower compared with Scanning Tunneling Micro-
scope (STM). However, scanning soft samples (like polymers) in contact mode
may cause damage to the sample. It is preferable in this case to use the tapping
mode, which is a semi-contact mode. In this mode the cantilever oscillates at
the resonance frequency of the quartz crystal it is mounted on. In this mode
there is only a intermediate contact between tip and the sample. The (AFM)
height and phase images of polymer:methanofullerene ﬁlms were taken using a
DI NanoScope IV scanning probe microscope operating in a tapping mode with
a silicon cantilever, under ambient conditions.
Absorption spectra of the active layers were collected using a Perkin-Elmer28 Chapter 2: Materials and experimental techniques
Lambda 900 UV-VIS/NIR spectrometer. All ﬁlms were measured in the trans-
mission mode on glass/ITO/PEDOT:PSS substrates and subsequently corrected
for substrate absorption.
2.4 Device characterization
The electric characterization of the devices was performed under a dry nitrogen
atmosphere (inside glove box). Herein the anode (ITO) was taken as the posi-
tively biased electrode and the cathode (LiF/Al, Sm/Al or Al) as the negatively
biased electrode. The devices were illuminated by a white light halogen lamp
with an output power of 100 mW/cm2, calibrated with a silicon diode received
from ECN (see the experimental set-up in Figure 2.7). The typical emission spec-
trum of this halogen lamp is shown in Figure 2.8. However, for accurate pho-
tovoltaic measurements, performed at ECN, a solar simulator class A was used,
with a light spectrum that approximates the AM1.5 global (AM1.5 G) spectrum
(air mass 1.5 or AM1.5G, which is the spectrum of sunlight that has been ﬁltered
by passing through 1.5 thickness of the earth atmosphere). A monocrystalline
Silicon diode, which was initially calibrated at ISE Callab (Freiburg, Germany),
was used as a reference cell in order to set the light intensity of the solar sim-
ulator. In all these measurements the mismatch factor correction for the solar
simulator was taken into account. The detailed procedure of the STC measure-
ments is described elsewhere [12].
The stability tests of polymer:methanofullerene solar cells (as investigated
in Chapter 5) were carried out inside a N2 glove box, with O2 and H2O lev-
els below 0.1 ppm. These tests were carried out in two different locations: at
ECN and in our laboratory (RuG). Four halogen lamps were used for the sta-
bility tests at the ECN facility. The output power of these lamps was typically
100 mW/cm2 as controlled by a calibrated silicon diode. During the ageing
test the cells were kept at maximum power point operation (¼ 0.4 V forward
bias), which is similar to the operational conditions of the normal outdoor solar
cell. Cooling of the cells was ensured by ventilation by electrical fans in order
to maintain the temperature at the surface of the samples constant at approxi-
mately room temperature. In some tests, however, the cooling was switched off
and the degradation tests were performed at an elevated temperature (¼ 50 oC).
At the RuG laboratory the degradation tests were performed at a temperature
of ¼ 50 oC. A single halogen lamp was used for these tests, and the cells were
either kept under open circuit operation (without any bias) or under maximum
power point conditions. The characteristic spectrum of the halogen lamps used2.4. Device characterization 29
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Figure 2.8: Typical emission spectrum of the halogen lamp used in our experiments to-
gether with the AM 1.5G solar spectrum.
in both laboratories is shown in Figure 2.8. Current-voltage measurements were
performed using a computer-controlled Keithley 2400 Source Meter, sweeping
in steps of 0.05 V with a delay of 0.10 sec, in the dark or under illumination.REFERENCES AND NOTES 31
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A thienyl analogue of PCBM for bulk
heterojunction solar cells¤
An analogue of [6,6]-phenylC61 butyric acid methyl ester ([60]PCBM) was de-
signed with the aim of improving miscibility with polythiophene donors, espe-
cially poly(3-hexylthiophene) (P3HT). In the title compound the phenyl group
of [60]PCBM is replaced by a thienyl group, resulting in a compound named
[6,6]-thienylC61 butyric acid methyl ester ([60]ThCBM). In this chapter, experi-
mental studies of the morphology, charge transport and solar cell performance
in blends of P3HT: [60]ThCBM are reported. [60]ThCBM is a ﬁrst example of
more tailored fullerene acceptor materials, which may optimize the morphol-
ogy of bulk heterojunction photovoltaic devices with respect to their transport
properties in combination with a speciﬁc kind of donor polymer.
¤The main results of this Chapter have been published as: Lacramioara M. Popescu, Patrick
van’t Hof, Alexander B. Sieval, Harry T. Jonkman, and Jan C. Hummelen, Applied Physics Letters
89 (2006), 213507.
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3.1 Introduction
Organic photovoltaic devices consisting of three dimensional interpenetrating
networks of conjugated polymers and a C60 derivative represent a challenging
alternative for renewable sources of electrical energy [1]. In the last few years,
several efforts to improve the efﬁciencies of these devices were undertaken [2–
4]. One major improvement to this device structure was obtained by optimiz-
ing the morphology of the blend by casting the polymer and [60]PCBM from
a solvent that prevents large scale phase separation and enhances the polymer
chain packing. Bulk-heterojunction solar cells made from poly [2-methoxy-5-
(3’,7’-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) and [60]PCBM
reached a power conversion efﬁciency of 2.5% [2]. A step forward towards
higher efﬁciency was reached by replacing MDMO-PPV with a high-mobility
polymer as the light absorber and the electron donating material. For pristine
regioregular P3HT, the highest reported hole mobility in a diode conﬁguration
amounts to 10¡4 cm2V¡1s¡1 [5], whereas the hole mobility of pristine MDMO-
PPV is 5£10¡7 cm2V¡1s¡1 [6–8]. Moreover, P3HT has the advantage of an en-
hanced photostability and an improved optical absorption in the visible region
which results in a better overlap with the solar emission spectrum compared to
MDMO-PPV. The most promising polymer solar cells developed at the start of
this investigation in terms of efﬁciency and stability was based on a combina-
tion of P3HT as donor and [60]PCBM as acceptor [9]. The efﬁciency of solar cells
based on P3HT and [60]PCBM was shown to depend strongly on the processing
conditions, and, in particularly, it shows an improvement when the devices are
thermally annealed [9, 36]. Up till now [60]PCBM is the remains the best per-
forming soluble fullerene derivative in combination with regioregular P3HT.
Attempts have been made to develop new fullerenoids for bulk heterojunction
solar cells by attaching solubilizing groups to C60, resulting in [60]PCBM ana-
logues with altered substitution patterns on the solubilizing phenyl ring or by
replacement of the methano bridge present in both [60]PCBM and many other
derivatives [10–14]. Herein, an analogue of [60]PCBM was designed with the
aim of improving miscibility with polythiophenes donors, especially P3HT. In
this compound the phenyl group from [60]PCBM is replaced by a thienyl group,
resulting in [60]ThCBM (the chemical structure shown in Figure 3. 1). Subtle
as this modiﬁcation may seem, we have previously observed that even slight
modiﬁcations of the [60]PCBM structure may lead to signiﬁcant changes in its
solubility, the morphology of the spin coated ﬁlms, and charge carrier trans-
port. The synthesis of this compound was done using procedures as described3.2. Electron transport in pristine [60]ThCBM 35
for [60]PCBM [15]. Cyclic voltametry measurements of [60]ThCBM show that
the energy levels of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are identical to those of [60]PCBM.
In this chapter we report experimental studies of the morphology, charge
transport and solar cell performance in blends of MDMO-PPV:[60]ThCBM
and P3HT:[60]ThCBM. The results indicate that [60]ThCBM provides the same
charge carrier mobility as [60]PCBM and that a highly functional bulk hetero-
junction morphology with P3HT can be obtained.
3.2 Electron transport in pristine [60]ThCBM
Prior to investigating solar cells made with this methanofullerene as active layer
component, it is important to determine its electron transport properties, since
this is a relevant parameter which strongly inﬂuences the solar cell performance
[16]. For ﬁlms of pristine [60]PCBM, spin coated from a chlorobenzene (CB)
solution, an electron mobility of 2£10¡3 cm2V¡1s¡1 has been observed [17].
[60]ThCBM is not as soluble as [60]PCBM in CB but it dissolves readily in ortho-
dichlorobenzene (ODCB). Hence, for a better comparison, the electron mobili-
ties of [60]PCBM and [60]ThCBM were determined in ﬁlms spun from ODCB
solution.
Among the various methods to determine the charge carrier mobility we
regard as the most appropriate one, the analysis of the space-charge limited
current (SCLC) by investigating the (J-V ) characteristics in the dark. For a trap-
free semiconductor, assuming that the injecting contact is Ohmic, the SCLC is
given by the Mott-Gurney[26] equation: J / ¹V 2L¡3, where ¹ is the charge
carrier mobility, V is the applied voltage, and L is the thickness of the active
layer. Only the dependence of the charge carrier mobility on the electric ﬁeld
was taken into account here. Thus, the SCLC is given by Eq. (1):[27]
JDark =
9
8
²0²r¹e exp
Ã
0:89°
r
V
L
!
V 2
L3 ; (3.1)
where ¹e is the zero-ﬁeld electron mobility, ²0 is the vacuum permittivity, ²r
is the relative dielectric constant, ° the ﬁeld activation factor, and V=L is the
applied electric ﬁeld (E). Recent developments shown that the application of
Equation 3.1 to describe the electric ﬁeld dependence of the charge carrier mo-
bility in low mobility media is not fully correct due to the fact that the density
dependence of charge carrier mobility has been neglected [28–30]. It should be
noted, however, that the charge carrier density in solar cells is fairly modest36 Chapter 3: A thienyl analogue of PCBM for bulk heterojunction solar cells
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Figure 3.1: Chemical structure of [60]ThCBM (left). Experimental (symbols) and calcu-
lated (solid line) JDark-V characteristics for ITO/PEDOT:PSS/[60]ThCBM/LiF/Al elec-
tron-only device with a thickness L=102 nm (right). JDark is plotted against the ap-
plied voltage (Vbias) corrected for the built-in voltage (Vbi) and the voltage drop over the
ITO/PEDOT:PSS layers (VRS; RS=18 ­). The inset shows the experimental data without
any voltage corrections.
[31] and the density dependence of charge carrier mobility is negligible. The
²r for [60]ThCBM as well as for [60]PCBM (¼3.9) [17] was determined from
impedance spectroscopy measurements. Hence, the only unknown parameter
in Eq. (1) is the charge carrier mobility.
The JDark-V characteristic of an electron-only pristine [60]ThCBM device,
measured at room temperature is depicted in Figure 3. 1. The active area was
0.1 cm2. Based on the work function of ITO/PEDOT:PSS (¼5.2 eV) and LiF/Al
(·3.7 eV), compared with the HOMO (6.1 eV) and LUMO (3.7 eV) levels of
[60]ThCBM, one can assume that the current through the device is dominated
by the electrons, since only electrons are injected from LiF/Al electrode in for-
ward bias (when ITO is positively biased). The value of ¹e was extracted by
ﬁtting Eq. (1) to the experimental data, as shown in Fig. 3. 1. [60]ThCBM
shows a ¹e of 1.8(§0.8)£10¡3 cm2V¡1s¡1 at room temperature. For [60]PCBM
ﬁlms, spin coated from ODCB solution, a ¹e of 1.4(§0.5)£10¡3 cm2V¡1s¡1 was
obtained accordingly. These values of ¹e are similar to those observed pre-
viously for [60]PCBM ﬁlms spun from chlorobenzene [17]. Moreover, both
methanofullerenes have the same electron mobility, which indicates that the
electron transport properties of [60]PCBM are not altered upon replacing the
phenyl group by a thienyl moiety.3.3. Bulk heterojunction solar cells using [60]ThCBM as acceptor 37
Figure 3.2: The 1.0£1.0 ¹m AFM height and simultaneously taken phase images of MD-
MO-PPV:[60]ThCBM (1:4 w/w) ﬁlms spin cast from: a CB solution (a) and an ODCB
solution (b).
3.3 Bulk heterojunction solar cells using [60]ThCBM as
acceptor
3.3.1 [60]ThCBM and MDMO-PPV blends
It has been shown in literature that different solvents can result in different ef-
ﬁciencies for MDMO-PPV:methanofullerene bulk heterojunction solar cells, as
a result of a changed morphology [2, 18, 19]. Tapping mode atomic force mi-
croscopy (AFM) was employed, to gain insight in the molecular packing of the
compounds. For the MDMO-PPV:[60]ThCBM (1:4 w/w) blends processed from
CB solutions the height images reveal a rough surface with domain sizes of ap-
proximately 50-200 nm and a surface roughness (root-mean-square [rms]) of ¼3
nm for a 1.0 ¹m scan size. Contrary, the samples fabricated from ODCB show
a smooth surface with a roughness of ¼ 0.7 nm, and domain sizes of approx-
imately 10 nm (as seen in Figure 3. 2). Because the exciton diffusion length in38 Chapter 3: A thienyl analogue of PCBM for bulk heterojunction solar cells
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Figure 3.3: JLight-V characteristics of ITO/PEDOT:PSS/MDMO-PPV:[60]Fullerene (1:4
w/w))/ LiF/Al devices, spin coated from CB (full symbols) and ODCB solutions (empty
symbols). The active layer thickness is ¼100 nm. All the devices were illuminated by
halogen lamp with intensity of 100 mW/cm
2, calibrated using a reference silicon diode.
organicmaterials istypically small, 5-7 nm [20–22], the latter morphology favors
exciton dissociation and subsequently yields a higher photocurrent. The large
differences in morphology induced by the solvent are also reﬂected by the pho-
tovoltaic behavior of the MDMO-PPV:[60]ThCBM devices. The solar cells were
made by sandwiching the MDMO-PPV:[60]ThCBM (1:4 w/w) blend between
an ITO/PEDOT:PSS bottom electrode and a LiF/Al top electrode.
The solar cell devices were illuminated with a halogen lamp, calibrated
to an intensity of approximately 1 sun with a Si diode. To compare the role
of [60]ThCBM on the photovoltaic device performance, reference devices of
MDMO-PPV:[60]PCBM (1:4 w/w) were made and characterized in the same
manner. Figure 3. 3 shows the J-V characteristics of the solar cell devices un-
der illumination. The short-circuit current density (Jsc) is increasing for cells
with MDMO-PPV:[60]ThCBM spin coated from ODCB solution, as a result of
an enhanced charge carrier generation rate due to an increased donor/acceptor
interface area, which facilitates exciton dissociation. The open-circuit voltage
(V oc) of 0.75 V and a ﬁll factor (FF) of 52 % are somewhat lower, resulting in a
overall power conversion efﬁciency (´) of approximately 1.6 %. Similar power
conversion efﬁciencies were obtained for solar cells with a photoactive layer of
MDMO-PPV:[60]PCBM spin-coated from the same solvent.
Figure3.4showstheexperimentalJDark-V ofanITO/PEDOT:PSS/MDMO-
PPV:[60]ThCBM (1:4 w/w)/Pd hole-only device with a thickness of 260 nm, at3.3. Bulk heterojunction solar cells using [60]ThCBM as acceptor 39
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Figure 3.4: JDark-V characteristics of ITO/PEDOT:PSS/MDMO-PPV:[60]ThCBM (1:4
w/w)/Pd hole-only device with a thickness of 260 nm, at a temperature T = 298 K. The
inset shows the JD plotted against the applied voltage (Vbias), corrected for the built-in
voltage (Vbi) and the voltage drop over the ITO/PEDOT:PSS layers (VRS; RS=18 ­) in a
double logarithmic scale.
room temperature.
In the forward bias, when holes are injected from PEDOT:PSS, the slope of
the log(JDark) versus log(Vbias ¡ Vbi ¡ VRS) plot, shown in the inset of Figure
3. 4, indicates that JDark depends quadratically on the voltage. This is a char-
acteristic for a space-charge limited current [23]. In reverse bias, however, the
injection of holes from Pd is suppressed due to the offset between its work func-
tion and the HOMO level of the polymer [24]. From the ﬁt of the SCLC to the
experimental data (solid line) we have extracted a hole mobility of MDMO-PPV
phase, in the order of 2.5(§1.0)£10¡5 cm2V¡1s¡1. A reason for the poor overall
performance of the solar cell might be the presence of a large mobility mismatch
between the electrons and holes in MDMO-PPV:[60]ThCBM blend. In contrast
to MDMO-PPV:[60]PCBM blends, the hole mobility of MDMO-PPV is not as
strongly enhanced when blended with [60]ThCBM [25].
3.3.2 [60]ThCBM and P3HT blends
Next we studied the solar cell performance of devices with a P3HT:[60]ThCBM
photoactive layer and the inﬂuence of the thermal annealing on the power con-40 Chapter 3: A thienyl analogue of PCBM for bulk heterojunction solar cells
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5
: Device performance of P3HT:[60]ThCBM (1:1 w/w) blends, under illumina-
tion from a halogen lamp, as a function of annealing temperature and for different top
contacts (see the legend). The thicknesses of all P3HT:[60]ThCBM devices are ¼100nm.
version efﬁciencies. The devices consist of P3HT:[60]ThCBM (1:1 w/w) blend
ﬁlms, spin coated from chloroform solution on an ITO/PEDOT:PSS layer, fol-
lowed by evaporation of the top contacts Sm (5 nm) or LiF (1 nm) and Al (100
nm). The annealing was performed on a complete device in N2 atmosphere, on
a hotplate for 5 minutes. The active layer thicknesses is ¼ 100 nm. Figure 3. 5
shows the variation of the principal photovoltaic parameters as a function of
the annealing temperature. The V oc for the cells with Sm/Al as top contact is
¼ 30 mV higher compared with the V oc of the cells with LiF/Al as top contact,
and also the FF is increased when Sm/Al is used as top contacts, which is an3.3. Bulk heterojunction solar cells using [60]ThCBM as acceptor 41
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Figure 3.6: J-V characteristics of ITO/PEDOT:PSS/P3HT:[60]ThCBM (1:1 w/w)/Sm/Al
devices as cast (circles) and after thermal annealing (squares) is shown in a semilogarith-
mic plot. The devices were measured at room temperature (295 K) in the dark (full sym-
bols) and under illumination (empty symbols) through the transparent ITO electrode.
The devices under illumination were measured by a halogen lamp with intensity of 100
mW/cm
2, calibrated using a reference silicon diode. The inset shows the J-V character-
istics under illumination in a linear scale.
indication that Sm/Al is a better top contact compared to LiF/Al.
The J-V characteristics of the solar cell devices, in the dark and under il-
lumination, as cast and after thermal annealing are represented in Figure 3. 6.
A substantial increase in the current is observed upon annealing, reﬂecting a
higher overall mobility. For the as cast devices the performance characteristics
were: Jsc = 14.35 A/m2, V oc = 0.59 V, FF = 36.5%, and ´ = 0.31%. After ther-
mal annealing the Jsc increased to 83.65 A/m2. Due to annealing, the overall
polymer crystallinity has improved and the hole mobility is increased, as will be
demonstrated in the following. The devices show an increase in FF from 36.6%
to 61.4% upon thermal annealing. This suggests an increase in carrier transport
and it results in ´ of 3.03%.
In order to investigate the hole transport through the P3HT phase in a
blend with [60]ThCBM, the electron current through the [60]ThCBM phase has
to be blocked. This can be done by choosing proper electrodes which sup-
press the injection of electrons into the device, resulting in a hole-only de-
vice. Herein the hole-only devices were fabricated with the following structure:42 Chapter 3: A thienyl analogue of PCBM for bulk heterojunction solar cells
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Figure 3.7: Experimental (symbols) and calculated (solid lines) JDark-V for an
ITO/PEDOT:PSS/ P3HT:[60]ThCBM (1:1 w/w)/Pd hole-only device, as cast and after
thermal annealing (see legend). The active layer thickness is L=145 nm.
ITO/PEDOT:PSS/P3HT:[60]ThCBM (1:1 w/w)/Pd. The work function of PE-
DOT:PSS is about 5.2 eV.
Hence, PEDOT:PSS serves as an Ohmic contact for hole injection into HOMO
of P3HT (¼4.9 eV [32]). The work function of Pd is about 5.12 eV, which leads
to a large mismatch with the LUMO of [60]ThCBM [24] and this prevents in-
jection of the electrons into [60]ThCBM. When the applied voltage exceeds the
built-in voltage (Vbi) in this hole-only device, the transport of holes through the
P3HT is limited by the space-charge that accumulates, and consequently the
current is described by Eq. (1). The experimental JDark of P3HT:[60]ThCBM
blends that were measured in hole-only device conﬁguration, as cast and after
thermal annealing, are shown in Figure 3. 7. Assuming that the device is hole
dominated, the JDark-V measurements provide information on the zero ﬁeld
hole mobility (¹h) of the P3HT phase in a blend. For as cast ﬁlms, the ¹h in
blend of P3HT:[60]ThCBM (1:1 w/w) is approximately 2£10¡6 cm2V¡1s¡1 and
the ﬁeld activation factor ° is 1.5£10¡4 m0:5V¡0:5. Upon thermal annealing of
P3HT:[60]ThCBM ﬁlms an enhancement of the hole mobility by a factor of 100
was observed (¹h¼2£10¡4 cm2V¡1s¡1).
The AFM images of the P3HT:[60]ThCBM ﬁlms for as cast and after thermal
annealing, are shown in Figure 3. 8. It has been shown that a whisker morphol-
ogy is present in P3HT [33–35]. In pristine P3HT, this predominantly polycrys-
talline ﬁlm may be formed already during the coating process and the thermal3.4. Conclusion 43
Figure 3.8: The 500£500 nm AFM height and simultaneously taken phase images of
P3HT:[60]ThCBM (1:1 w/w) ﬁlms, as cast (a) and after thermal annealing (b).
annealing does not further improve the crystallinity. A phase AFM image of a
P3HT:[60]ThCBM (1:1 w/w) spin coated ﬁlm as cast [see Figure 3.8(a)] reveals
an amorphous structure. In a blend ﬁlm the presence of another molecule, in
this case [60]ThCBM, might prevent crystallization of P3HT. Upon thermal an-
nealing, more structures can be seen in the spin-coated layer [see Figure 3. 8(b)],
demixing of the two components is increased, and the crystallinity of the P3HT
is enhanced [36]. At this point many researchers are tempted to believe that the
resulting interpenetrating network provides continuous pathways in the entire
photoactive layer for efﬁcient charge carrier transport.
3.4 Conclusion
In conclusion, we have investigated a new methanofullerene for application as
an acceptor material in bulk heterojunction solar cells. The electrical characteri-
zation of pristine [60]ThCBM ﬁlms reveals that its electron transport properties44 Chapter 3: A thienyl analogue of PCBM for bulk heterojunction solar cells
equal those of [60]PCBM, which indicates that the electron transport properties
are not altered upon replacing the phenyl group by a thienyl moiety. The dimin-
ished solubility of [60]ThCBM resulted in undesirable morphologies of the ac-
tive layer when the MDMO-PPV:[60]ThCBM (1:4 w/w) mixture was spun from
CB. However, spin coating the mixture from ODCB solvent gave smooth ﬁlms
and an increase in the current output which makes it similar to the MDMO-
PPV:[60]PCBM current. But as result of a low V oc of the devices, the overall
power conversion efﬁciencies was increasing only to 1.6%. The FF of 52%,
slightly lower compared to the FF of the MDMO-PPV:[60]PCBM devices, is
in accordance to the fact that the hole mobility of MDMO-PPV phase in a blend
is not enhanced by [60]ThCBM. In contrast, using [60]ThCBM in combination
with P3HT as the donor counterpart, the improved morphology, after thermal
annealing and the optimized absorber composition, leads to a power conver-
sion efﬁciency up to 3.0%. The increase of efﬁciency is due to the increasing
crystallinity of P3HT and hence the enhancement of the hole mobility in the
P3HT phase of the blend by two orders of magnitude relative to as cast devices.
In the next Chapter more detailed studies of the morphology and electrical
properties of photovoltaic devices consisting of blends of P3HT:[60]ThCBM will
be presented.REFERENCES AND NOTES 45
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Effect of the P3HT:ThCBM growth rate
on solar cell performance
We present a study of the morphology and electrical properties of photovoltaic
devices consisting of blends of regioregular poly(3-hexylthiophene) (P3HT) as
electron donor and [6,6]-thienylC61 butyric acid methyl ester([60]ThCBM) as an
electron acceptor. The solar cells were fabricated by depositing the photoac-
tive layer from solvents with different boiling points. In this way we control
the growth rate of the ﬁlms. Atomic force microscopy analysis reveals a more
granular structure in case of fast grown ﬁlms, as well as a well-deﬁned ﬁbri-
lar and crystalline structure for slowly grown ﬁlms. Electrical characterization
of the solar cell devices indicates a clear advantage of the slow growth proce-
dure. This results in an order of magnitude enhancement in the hole mobility
through the P3HT phase. As a consequence of a more balanced transport of
electrons and holes in the blend and an 0.4% (absolute) increase in power con-
versionefﬁciency. Additionally, itisshownexperimentallythatoptimumdevice
performance, for the slow growth procedure, is obtained at ﬁlm thicknesses of
approximately 300 nm, making it possible to optimize light absorption in these
blends.
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4.1 Introduction
Solar cells based on blends of conjugated polymers and methanofullerene
derivatives continue to be of interest as promising candidates for low cost and
large area photovoltaic devices. Up to now the ’state of the art’ polymer so-
lar cells are based on a combination of regioregular P3HT and [60]PCBM. For
these cells it was demonstrated that a thermal annealing process of the com-
plete devices resulted in an enhancement of the solar cell performance [1]. This
enhancement of the power conversion efﬁciency (´) has been attributed to: an
increase of the hole transport in the blend due to crystallization of P3HT, an im-
proved ﬁlm morphology, and a red shift of the absorption spectrum that results
in a better overlap with the solar spectrum [2–4]. Li et al. have recently reported
plastic solar cells based on a rr-P3HT:PCBM mixture with a power conversion
efﬁciency up to 4%, which was realized by controlling the growth rate of the
photoactive layer [5]. An efﬁcient acceptor-type fullerene that can be used in
solar cells based on rr-P3HT and other donor-type materials was synthesized in
our group [6]. This fullerene derivative was designed to improve the compat-
ibility with polythiophene donors by replacing the phenyl group of [60]PCBM
with a thienyl one, resulting in [60]ThCBM. Previous results, shown in Chapter
3, indicate that [60]ThCBM gives the same charge carrier mobility as [60]PCBM
and that a highly functional bulk heterojunction morphology can be readily ob-
tained with rr-P3HT [6] as donor counterpart.
Previously it was demonstrated that high hole mobility can be obtained in
ﬁeld effect transistors with P3HT by using high boiling point solvents in the ﬁlm
casting process [7]. The microstructure of such devices was found to be highly
crystalline, with a needle-like morphology. In the solar cell devices, high elec-
tron and hole mobility is desired to obtain good ﬁll factors and high conversion
efﬁciencies.
In this chapter, we study the inﬂuence of processing conditions by investi-
gating the effect of the boiling point of the casting solvent on the morphology
and transport properties of P3HT:[60]ThCBM photoactive layer. As is demon-
strated in the following, this study provides insight in the relation between the
microscopic morphology of the organic photoactive layer, the charge transport
properties, and the performance of the bulk heterojunction solar cells. Addi-
tionally the thickness dependence of the solar cell performance was analyzed in
detail.4.2. Morphology 51
4.2 Morphology
The morphology of the active layer ﬁlm is a key parameter in understanding
the device performance of the organic bulk heterojunction solar cells. The most
common and practical tool to investigate the morphology of the organic ﬁlms
is AFM. Here AFM was used to investigate the morphology of the active layer
of regioregular P3HT:[60]ThCBM blends that were grown at different rates by
using solvents having different boiling points. Figure 4. 1 shows the AFM
images of the P3HT:[60]ThCBM blend ﬁlms cast from three solvents with dif-
ferent boiling points: chloroform (bp 61 oC), 2-methylthiophene (bp 113 oC),
and ODCB (bp 173 oC). The ﬁlms spin coated from chloroform solution were
named fast growth active layers. Spin coating the photoactive layer from 2-
methylthiophene and ODCB results in wet ﬁlms, which were dried overnight at
room temperature, in a closed Petri dish in nitrogen glove box. We refer to the
layers obtained by the later method as slow growth active layers (more details
can be found in Chapter 2).
The tapping mode AFM images of the fast grown ﬁlms [see Figure 4. 1(a)]
indicate that these ﬁlms are less crystalline and have a granular surface to-
pography without apparent whisker-like structures. The domain sizes are
small, approximately 10 nm, and the domains consist of small crystalline
P3HT chain like structures together with either pure [60]ThCBM or mixed
P3HT:[60]ThCBM domains. Even though thermal annealing of the fast grown
P3HT:methanofullerene ﬁlms was found to enhance the P3HT crystallinity to
some extent [4], the degree of crystallization remains limited by the time avail-
able for chain alignment, due to rapid evaporation of the solvent during the
spin-coating process. Hence the interchain interactions, and consequently the
device performance, are not optimal for fast grown ﬁlms. For ﬁlms spin cast
from methylthiophene, however, one can see [Figure 4. 1(b)] that well-deﬁned
whisker-like structures with a width of approximately 15 nm and a length of
more than 600 nm are formed during drying. Such well organized whisker-like
structures are present over the whole surface and we attribute them, in agree-
ment with literature, to crystalline P3HT domains [4, 8]. The vibronic structure
of the absorbtion peaks (see Figure4. 2) is much more pronouncedfor the slowly
grown ﬁlms, indicating a higher degree of ordering [9]. Compared with the fast
grown ﬁlm, the absorption shifts a little to the red in the slowly grown ﬁlm. A
red shift of approximately 37 meV appears in the better ordered ﬁlms due to
a better interchain ¼ system overlap. It was previously shown that in a P3HT
whisker morphology, the P3HT chains are lying normal to the long axis of the52 Chapter 4: Effect of the P3HT:ThCBM growth rate on solar cell performance
Figure 4.1: The 1 £ 1¹m AFM height and simultaneously taken phase images of
P3HT:[60]ThCBMblendﬁlmsafterthefollowingtreatment: fastgrownspunfromCHCl3
(a), slow grown spun from methylthiophene, as inset the schematic representation for the
whisker formation (b), and slow grown spun from ODCB (c). This pictures are taken for
200 nm active layer thickness of the fast grown ﬁlm, and 300 nm active layer thickness of
the slow grown ﬁlms.
whisker and are folded with a period of approximately 15 nm [8, 10, 11]. This
is in a good agreement with the topographical measurements shown in Figure
4. 1(b). Moreover, the ﬁlms prepared from an ODCB solution have a different4.2. Morphology 53
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Figure 4.2: Normalized absorbtion coefﬁcient (®) for fast and slow grown
P3HT:[60]ThCBM blend ﬁlms.
morphology compared to those prepared from methylthiophene, even though
they were both grown under slow drying conditions. In case of ﬁlms spun from
ODCB, more pronounced [60]ThCBM crystallites are observed at the surface,
and a phase separation into relatively large domains occurs. This indicates that
the boiling point of the solvent is a critical factor in the polymer crystalliza-
tion process as well as for ﬁnding the optimum ﬁlm morphology in order to
realize the best device performance [7]. ODCB has a higher boiling point (173
oC) than methylthiophene (113 oC). The drying time for ﬁlms spin coated from
ODCB solution is substantially longer under the same (atmospheric) conditions.
It is known that [60]PCBM tends to crystallize in the pristine form and even
crystallizes in blends with MDMO-PPV or P3HT [12, 13]. This is also the case
for [60]ThCBM when blended with P3HT and spun from ODCB solution. The
round shaped structures, which can be seen in the AFM image in Figure 4. 1(c),
are between 20-30 nm in size and are presumed to represent the [60]ThCBM
crystallites. The P3HT whiskers form a matrix, which is clearly visible in the
phase images of Figures 4. 1(b) and 4. 1(c). The [60]ThCBM molecules diffuse
out of the matrix and form large crystalline clusters for slow grown ﬁlms from
higher boiling point solvents (i.e., ODCB). Consequently, slower solvent evapo-
ration facilitates the growth of highly crystalline ﬁlms, which enhances polymer
interchain interactions and thus improves the hole mobility signiﬁcantly, as will
be shown in the following section. However, this may have a negative effect54 Chapter 4: Effect of the P3HT:ThCBM growth rate on solar cell performance
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Figure 4.3: Experimental (symbols) and calculated (solid lines) JDark-V characteristics
for ITO/PEDOT:PSS/P3HT:[60]ThCBM/Pd hole-only devices. JDark is plotted against
the applied voltage (Vbias), corrected for the built-in voltage (Vbi) and the voltage drop
over the ITO/PEDOT:PSS layers (VRS). The thicknesses of the slow grown ﬁlms are 270
nm, whereas the thickness of the fast grown ﬁlm is 160 nm.
on the photocurrent of solar cells since phase separation into large domains will
reduce charge generation as a result of the short exciton diffusion lengths, char-
acteristic for conjugated polymers.
4.3 Hole transport
In organic bulk heterojunction solar cells charge carrier mobility in the active
layer is determining the power conversion efﬁciency. Before discussing the so-
lar cell performance of P3HT:[60]ThCBM blends, the charge carrier mobility in
the blends, prepared with different growth rates, is evaluated. As shown in the
previous section, slow drying of the P3HT:[60]ThCBM ﬁlms using high boil-
ing point solvents results in an enhanced crystallization of the P3HT phase, as
compared with a fast drying procedure. Electron and hole mobility values are
determined experimentally using various techniques including time-of-ﬂight
measurements [5], ﬁeld-effect transistor measurements [7], and the analysis of
the space-charge limited current (SCLC) [14] by investigating current density-
voltage (J-V ) characteristics in the dark. Figure 4. 3 shows the experimental
dark current densities (JDark) of a hole-only device for fast growth as well as
for slow growth of the active layer. The work function of PEDOT:PSS is 5.2
eV and therefore the PEDOT:PSS serves as an Ohmic contact for hole injection4.4. Solar cells characterization 55
into the HOMO of P3HT (4.9 eV [15]). On the other hand, the work function of
palladium is 5.12 eV, which leads to a large mismatch with the LUMO level of
[60]ThCBM [16], and it prevents injection of electrons into [60]ThCBM. When
the applied voltage exceeds the built-in voltage (Vbi), JDark scales quadrati-
cally with the voltage V , indicative of space-charge limited (SCL) transport:
JDark / ²0²r¹V 2=L3,where ²0²r is permittivity of the polymer, ¹ charge car-
rier mobility, and L is the active layer thickness. For disordered semiconductors
the electric ﬁeld dependence of the ¹ must be considered: ¹ / ¹0 exp(°
q
V
L),
where ¹0 is the zero-ﬁeld mobility, ° is the ﬁeld activation parameter which
depends on the energetic and positional disorder of localized transport states.
The combined equations provide for a direct determination of the charge car-
rier mobility [17–19]. The value of the hole mobility (¹h), at zero electric ﬁeld,
was extracted by ﬁtting the SCL dark current density (using the above equa-
tions) to the experimental data, as shown in Figure 4. 3. The hole mobility of
P3HT in a blend with [60]ThCBM turned out to be the same for the ﬁlms pre-
pared by the slow growth method from methylthiophene and ODCB solution,
and amounts to ¹h=2£10¡3 cm2V¡1s¡1. For the fast dried and thermally an-
nealed P3HT:[60]ThCBM blend ﬁlms, we determined a hole mobility of P3HT
phase of 2£10¡4 cm2V¡1s¡1. Hence, applying slow drying, the hole mobility in
the P3HT phase increases one order of magnitude with respect to the thermally
annealed ﬁlms. We conclude that during slow drying of the ﬁlms, the P3HT
has more time for reaching thermodynamic equilibrium, and the ﬁlms have a
high degree of ordering as can be seen from the absorption spectra, and there-
fore the charge transport in the P3HT phase is increased.This leads to a more
balanced transport of electrons and holes in the device, since an electron mo-
bility of ¼2£10¡3 cm2V¡1s¡1 has been reported in P3HT:[60]PCBM blends for
similar casting conditions [2, 20]. The fact that the hole mobility is identical in
both slow grown ﬁlms, despite of a difference in ﬁlm morphology shown in Fig-
ures 4. 1(b) and 4. 1(c), is an indication that maximum crystallinity of P3HT is
reached already at moderate growing times (moderate boiling point solvents).
Most likely, further increasing the drying time of the blend ﬁlms mainly results
in the formation of more crystalline [60]ThCBM domains.
4.4 Solar cells characterization
After a study of the morphology and charge transport we proceeded with the
analysis of the performance of the solar cell with photoactive P3HT:[60]ThCBM
blend layers prepared under fast and slow growing conditions. All devices were56 Chapter 4: Effect of the P3HT:ThCBM growth rate on solar cell performance
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Figure 4.4: JLight-V characteristics of ITO/PEDOT:PSS/P3HT:[60]ThCBM/Sm /Al de-
vices with an active layer fast and slow grown. The slow grown ﬁlms are 300 nm thick,
and the fast grown ﬁlm is 200 nm thick.
prepared as described in the experimental section. Figure 4. 4 shows the pho-
tocurrent (JLight) of the solar cells in which the active layers were prepared by
either fast drying and subsequent annealing, or by slow drying. The best de-
vice prepared by a fast drying procedure had a power conversion efﬁciency ´ =
(3.1§0.2)%, a short-circuit current density Jsc = 90.8 A/m2, an open-circuit volt-
age V oc = 0.59 V, and a ﬁll factor FF = 59.3%. For the slowly dried ﬁlms the best
performance is obtained using an ODCB solution; with values of ´ = (3.5§0.3)%,
Jsc = 99.5 A/m2, V oc = 0.55 V and FF = 63%. The best device prepared from
2-methylthiophene showed a similar efﬁciency of ´ = (3.4§0.2)%. The better
performance of the slowly grown devices, compared to the thermally annealed
fast grown ones, most probably originates from an improved morphology and
the subsequent enhancement of the hole mobility through the crystalline P3HT
phase in the blend. In order to improve the device performance we also studied
the inﬂuence of the thickness of the active layer on the solar cells performance.
Figure 4. 5 shows the variation of the photovoltaic parameters as a function of
active layer thickness. The devices fabricated by the slow drying method were
all spun from ODCB. The Jsc is increasing rapidly with the active layer thick-
nesses for both slow and fast growth ﬁlms until approximately 200-230 nm, in-
dicating an efﬁcient charge generation in these devices. At a P3HT:[60]ThCBM
ﬁlm thickness of 200-230 nm, most of the incoming photons are absorbed by the
active layer. This is in agreement with previous results which showed that for4.4. Solar cells characterization 57
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Figure 4.5: Device performance of the P3HT:[60]ThCBM blends, under illumination from
a halogen lamp, as a function of the active layer thickness. The active layer was casted in
two different ways: fast grown spun form CHCl3 plus a subsequent thermal annealing
step (empty circles), and slow grown spun from ODCB (full circles). The full lines are a
guide to the eye.
a P3HT ﬁlm of 240 nm more than 95% of the incoming photons are absorbed
by the active layer within its spectral range [21]. Above 200 nm ﬁlm thickness
only a small fraction of photons from the solar spectrum remains to be absorbed
and therefore the Jsc saturates. A small decrease in Jsc for fast drying ﬁlms
for thicknesses above 200 nm can be attributed to the limitation imposed on Jsc
by space-charge effects and/or charge recombination. These effects are a con-58 Chapter 4: Effect of the P3HT:ThCBM growth rate on solar cell performance
sequence of an unbalanced electron and hole transport which is present in the
blend and is caused by a lower hole mobility of P3HT phase [22, 23]. The V oc
is relatively constant as a function of active layer thickness, with a larger volt-
age produced by the fast dried and annealed devices. This difference in voltage
of approximately 40 mV is fully accounted by the red shift in absorbtion spec-
tra (37 meV) as a result of the enhanced crystallinity of P3HT in the slow grown
ﬁlms (see Figure 4. 2). The reduction of the optical gap of P3HT is a consequence
of the decrease in ionization potential (HOMO level) by an enhancement of the
intermolecular overlap. It appears to be in agreement with a simple model cal-
culations which conﬁrm the reduction of the band gap and ﬁnd that about 3
4 of
the shift occurs in the valence band [24]. Since the V oc of donor:acceptor bulk
heterojunction solar cells is linearly related to the HOMOdonor-LUMOacceptor
energy difference [16], the V oc is lowered when the ionization potential of the
donor is decreased. Consequently the V oc is lowered in slow grown ﬁlms.
The FF is decreasing linearly with the layer thicknesses for both, fast and slow
growth methods, due to increasing recombination of charge carriers by increase
of the mean distance they need to travel before they are extracted at the elec-
trodes. Moreover the FF for the slow growth ﬁlms is in average 10% higher for
the same ﬁlm thickness, compared to the fast growth ﬁlms, as a result of a better
and more balanced transport of electrons and holes in the device (see previous
section). Consequently, thedifferenceinconversionefﬁciencybetweenslowand
fast growing ﬁlms is mainly determined by the difference in FF and V oc for the
same ﬁlm thickness. Although the V oc is lower for slow growth ﬁlms its supe-
rior ﬁll factors well compensate the loss in V oc and therefore result in a better
overall cell performance. The beneﬁt of an improved charge carrier mobility for
slow growing ﬁlms together with a better balanced electron and hole transport
makes it possible to manufacture thicker active layers without signiﬁcant loss in
FF, and therefore it allows to maximize charge generation in these blends.
4.5 Conclusion
In conclusion, we have shown that slow growing of the active layer ﬁlms in
P3HT:[60]ThCBM blends, by using solvents with a high boiling point, facili-
tates growing of highly crystalline ﬁlms. This enhances the interchain interac-
tions in the P3HT phase, and improves the hole transport in the blend by an
order of magnitude. This leads to a well balanced charge carrier transport in
the blend. The difference in power conversion efﬁciency between slow and fast
grown ﬁlms is mainly determined by the difference in the ﬁll factor and open-4.5. Conclusion 59
circuit voltage of the cells. Although the open circuit voltage tends to be low-
ered (with approximately 40 mV) in devices with active layers with a higher de-
gree of molecular organization, it is the signiﬁcant increase in the ﬁll factor (up
to 70%) which gives much higher (13% relative) power conversion efﬁciencies.
The beneﬁt of better charge transport for slow growing ﬁlms makes it possible
to fabricate thicker ﬁlms without signiﬁcant loss in ﬁll factor, and therefore it
allows for maximizing light absorption in these blends.
In the next Chapter a study of the lifetime of the bulk heterojunction photo-
voltaic devices, with a slow growth P3HT:methanofullerene photoactive layer,
will be presented.REFERENCES AND NOTES 61
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Stability tests of
P3HT:methanofullerence solar cells
In spite of the high potential of polymer photovoltaic cells, the main challenge
remains the improvement of their stability under operational conditions. The
stability of P3HT:methanofullerene solar cell devices was investigated in this
chapter. Electrical and optical properties of these devices were monitored for
a test period up to 1000 hours under continuous illumination. The results in-
dicate that solar cells with [60]ThCBM, as acceptor, show a faster degradation
compared to [70]PCBM and [60]PCBM solar cell devices. External quantum ef-
ﬁciencies and absorption spectra indicate that the fullerene degradation is more
prominentthanthatofthepolymer. Theholetransportthroughtheblend(P3HT
phase) remains unaffected during the stability test, therefore the hole mobility
is not the cause for the degradation observed in the solar cell devices.
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5.1 Introduction
A key issue faced by the organic electronics community in general is the stability
of the devices. The term ”stability” used here deals with the intrinsic stability
of the organic materials used in the active layer, the nanomorphology and the
stability of the contact between metal conductors and organic semiconductors.
Device degradation arises from changes in morphology, loss of interfacial ad-
hesion, and interdiffusion of components, as well as chemical decomposition
under operational conditions. Thus, careful design and material engineering
can substantially improve device lifetimes.
In the last couple of years organic photovoltaics based on conjugated poly-
mersandmethanofullereneshavebeensuggestedasalowcostalternativetothe
inorganic semiconductors due to their advantages of light weight and low-cost
plastic-based technologies. Most promising devices to date are blends of poly-
thiophenes [such as regioregular P3HT] as donors and metanofullerene [such
as [60]PCBM] as acceptors [1–5]. P3HT possesses some unique properties com-
pared to other polymers, including its self organization, high hole mobility, and
extended absorption in the red region. For this type of blends, some approaches
have been used to improve the efﬁciency, including thermal annealing with si-
multaneously applied external voltage [6], postproduction annealing at high
temperatures [2], and controlling the growth rate of the photoactive layer in
the device preparation [1]. The power conversion efﬁciency [1] and the lifetime
of organic photovoltaic devices still do not warrant commercialization. Many
efforts made in the past decade were focussed on optimizing the device param-
eters (ﬁlm thickness, layer materials, etc) of donor:acceptor bulk heterojunction
solar cells, whereas only limited research exist on their stability and the degra-
dation of the electrical characteristics [7–17].
In this chapter we report on the power conversion efﬁciency values, mea-
sured under a solar simulator class A with a light spectrum that approxi-
mates the AM1.5 global spectrum, for blends of regioregular P3HT and vari-
ous methanofullerenes. A monocrystalline Silicon diode, which was initially
calibrated at ISE Callab (Freiburg, Germany), was used as a reference cell in or-
der to set the light intensity of the solar simulator. In all these measurements
the mismatch factor correction for the solar simulator was taken into account.
Further we present experimental studies on the stability under continuous il-
lumination of the solar cells fabricated by slow drying of the active layer of
P3HT:methanofullerene.5.2. Accurate efﬁciency measurements 65
Table 5.1: Photovoltaic parameters of the best P3HT:methanofullerene solar cells with an
active area of 0:0958(§0.0018) cm
2. Here L is the active layer thickness.
L JSC VOC FF ´
Methanofullerene (nm) (mA/cm2) (mV) (%) (%)
[60]PCBM 300 10.5 563 60.7 3.6
[70]PCBM 250 10.2 573 63.3 3.7
[60]ThCBM 300 10.1 566 65.9 3.8
5.2 Accurate efﬁciency measurements
Prior to the investigation of the stability of the various P3HT:methanofullerene
solar cell devices, an accurate efﬁciency determination is necessary. The de-
vice fabrication procedure is described in detail in Chapter 2 of this thesis. The
slow grown P3HT:methanofullerene blend ﬁlms were spin cast from an ortho-
dichlorobenzene (ODCB) solution on top of a 60 nm thick PEDOT:PSS layer.
Subsequently, the wet ﬁlms were dried overnight inside a closed Petri dish at
room temperature in a N2 glove box. To complete the devices Sm (5nm)/Al (100
nm) or only Al (100 nm) top electrode was deposited by thermal evaporation.
Table 5.1 lists the photovoltaic parameters of the best fabricated P3HT:
methanofullerene solar cells, measured at ECN. The active layer thicknesses
is approximately 300 nm for [60]PCBM and [60]ThCBM cells and 250 nm for
[70]PCBM cell. These thicknesses have been found to be the optimum for these
type of blends (as shown in Chapter 4). The short-circuit current density (JSC)
varies less than 4% for these solar cells and no signiﬁcant improvement is ob-
served with respect to the [70]PCBM [18, 19], which will be elaborated more in
the next chapter. From the data it can be concluded that the difference in the
power conversion efﬁciency (´) between the investigated solar cells ﬁnds its ori-
gin in the variation of the ﬁll factor (FF) and where [60]ThCBM shows a slightly
increased performance.
In ﬁgure 5.1 (bottom) we compare the external quantum efﬁciencies (EQE)
of the solar cells listed in Table 5.1. A small shoulder that is present at 480 nm
in the absorption of P3HT:[70]PCBM solar cell (as shown in the top part of Fig-
ure 5.1) is a result of the fullerene contribution [18], but there is no contribution
present in the EQE at the same wavelength range. This absorption seems not to
contribute to the EQE in the relevant wavelength range, although this may be
caused by the lesser sensitivity of the EQE measurements. Nevertheless up to
70% of the incoming photons are converted to current at the maximum absorp-
tion range in these blends.66 Chapter 5: Stability tests of P3HT:methanofullerence solar cells
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5.3 Effect of ageing on the device performance
After the initial current-voltage characterization of the P3HT:methanofullerene
solar cells presented in the previous section, stability test were carried out in
order to investigate their useful lifetime under continuous illumination. These
tests were carried out inside a N2 glove box, with O2 and H2O levels below
0.1 ppm in two different locations: at ECN and in our laboratory (RUG). Four
halogen lamps were used for the stability tests at the ECN facility. The total
output power of these lamps was typically 100 mW/cm2 (one sun) as controlled
by a calibrated Si diode. Cooling of the cells was ensured using ventilation by
electrical fans in order to maintain the temperature at the surface of the samples
around room temperature. For some tests, however, cooling was not applied
and the stability tests were performed at an elevated temperature (around 50
oC). In this section the investigation was focused on the charge carrier mobility
and on the solar cell performance.5.3. Effect of ageing on the device performance 67
5.3.1 Charge carrier transport
One of the most important parameters that determines the performance of a
bulk heterojunction solar cell is the charge carrier mobility of electrons and holes
after dissociation of the excitons at the donor/acceptor interface. Therefore in
this section aging tests were carried out to investigate the changes that may
occur in the charge carrier transport properties of the solar cells. It has been
shown in various papers that one of the most reliable ways to obtain informa-
tion about the hole transport in a polymer:fullerene blend is the investigation
of the current-voltage characteristics of a hole-only device in the dark [20–23].
Here hole-only devices were fabricated by depositing an electron blocking con-
tact on an otherwise normal P3HT:[60]PCBM solar cell device (see Chapter 2
for details). This hole-only device was then illuminated (at RUG), for about 200
hours at 50 oC, in a nitrogen glove box by a halogen lamp adjusted to a power of
100 mW/cm2. Subsequently the illumination was switched off and dark J ¡ V
characteristics of the devices were measured. Figure 5. 2 shows the J ¡ V char-
acteristics of the hole-only devices (open symbols) before and after 200 hours
of constant illumination. No signiﬁcant degradation occurs in the dark current
of the devices due to illumination and the rise in temperature. Moreover, the
dark current of the hole-only device after 200 hours of continuous illumination
is slightly higher compared to the dark current before degradation test. This is
consistently observed for all devices investigated. The typical hole mobility of
the P3HT phase in the blend before degradation test (t = 0 hours) is ¼ 2 £ 10¡3
cm2V¡1s¡1 and after 200 hours of continuous illumination the hole mobility is
slightly higher (¼ 3:3 £ 10¡3 cm2V¡1s¡1). This increase in the hole-mobility
after 200 hours of continuous illumination could be due to a more favorable
morphology for hole transport in the blend. This result indicates that the hole
mobility is not the cause for the degradation observed in the solar cell device.
The other important parameter that could affect current transport through
the solar cells is the electron mobility. However, electron transport is difﬁcult to
be measured independently during degradation due to the fact that an electron-
only device will require a low work function transparent metal electrode (in
order to block hole injection). This type of device is difﬁcult to realize and it is
less likely to remain stable during illumination. Experimental trials using a thin
and transparent Sm low work function electrode have failed to succeed due to
a large increase in leakage current of such a electron-only device upon illumi-
nation. A successful method exists to fabricate an electron-only device using a
bottom electrode consisting of a self assembled monolayer (SAM) on top of a68 Chapter 5: Stability tests of P3HT:methanofullerence solar cells
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Figure 5.2: Dark J-V characteristics of the P3HT:[60]PCBM bulk heterojunction solar
cells (see legend)and of the P3HT:[60]PCBM hole-only devices measured at 0 and after
200 hours of continuous illumination under V oc condition. The applied voltage (Vbias)
is corrected for the built-in voltage (Vbi).
thick (> 50 nm) Ag layer [24]. However, this method can not be used here to
measure degradation of the devices under illumination since a (semi) transpar-
ent electrode is required for photocurrent generation. Thus, as an alternative,
we have investigated the dark current of the solar cell (before and after contin-
uous illumination) where both charge carriers are injected from the respective
electrodes. The results are represented by full symbols in Figure 5.2. Since the
hole current through the solar cell is slightly higher after 200 hours of light ex-
posure it is intuitively anticipated that the decline of the dark current of the
solar cell is a result of a change in the electron transport properties and/or in
the recombination rates of electrons and holes in the solar cell device since both
charges are injected from the electrodes [25].
5.3.2 Solar cells parameters
Figure 5.3 shows the parameters of the P3HT:methanofullerene solar cells mea-
sured under maximum power point operation during 1000 hours of constant
illumination at 25 oC. The methanofullerenes used are [60]PCBM, [60]ThCBM,
and [70]PCBM. The decay of the photovoltaic parameters after 2 hours of il-
lumination, in a nitrogen atmosphere, is in the same range for all three types
of solar cells. The performance is well above 95% of the initial values. In the
more prolonged tests, there is a clear difference in the photovoltaic parame-5.3. Effect of ageing on the device performance 69
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Figure 5.3: Normalized operational parameters for the P3HT:Methanofullerene bulk het-
erojunction solar cells (see legend) measured during 1000 hours of constant illumination,
under maximum power point conditions, at room temperature in a nitrogen atmosphere.
ters for the three different methanofullerene used. The short-circuit current of
the [70]PCBM solar cells shows the smallest decrease in the ageing tests, with
its value staying above 90% of the initial value after 1000 hours of continuous
illumination. For the [60]PCBM and [60]ThCBM solar cells, 1000 hours of con-
tinuous illumination resulted in a decrease to 85% respectively 80% of the ini-
tial short-circuit current. The degradation of the open-circuit voltage lies in the
same range for all three types of solar cell devices and their ﬁnal value amounts
approximately 90% of the initial values. The decay of the ﬁll factor for all three
types of solar cells roughly follows the same pattern as the decay in open-circuit
voltage and could be due to modiﬁcation in contact resistance, increased recom-
bination/trapping rates or poorer charge carrier mobility.
These results suggest that the overall efﬁciency, being proportional to the
JSC, VOC, and FF is more stable for [70]PCBM-based solar cells (a decrease70 Chapter 5: Stability tests of P3HT:methanofullerence solar cells
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Figure 5.4: Normalized parameters of the P3HT:[60]PCBM bulk heterojunction solar cells
(see legend) measured during 1000 hours of constant illumination at a temperature of
50
oC in nitrogen atmosphere. The data in the left ﬁgure shows the solar cells aged at
maximum power point condition whereas the right ﬁgure shows the results of cell aged
at open-circuit condition.
to ¼ 90% after 1000 hours of continuous illumination) compared to [60]PCBM
and [60]ThCBM solar cells (a decrease to 80% respectively 75% after 1000 hours
of continuous illumination). The decrease in efﬁciency for solar cells contain-
ing [70]PCBM, [60]PCBM, and [60]ThCBM can be explained by the fact that
during illumination also fullerenes crystallize and form larger crystallites in
time, which could result in a decrease of the electron mobility in the blend as
a consequence of an interrupted percolation path. The [70]PCBM (which is
an isomeric mixture) has less tendency to crystallize compared to [60]PCBM
and [60]ThCBM, therefore this kind of degradation of cell performance as a
result of a phase separation with this higher fullerene derivative in the active
layer is very likely reduced. One can conclude that the crystallization of the
methanofullerene phase is an important factor in the stability of the devices un-
der continuous illumination.
Next we studied the degradation of devices under different operational con-
ditions: maximum power point and open-circuit. These tests were carried out
at the RUG laboratories in nitrogen glove box, at a temperature of 50 oC, by
simultaneous illumination of both devices with one halogen lamp. Figure 5.4
shows that there is no signiﬁcant difference for the solar cell parameters of the
cells kept under open-circuit or at maximum power point conditions during the
tests, indicating that the kinetics of the degradation are not inﬂuenced by the ap-
plied bias (¼ 0.4 V forward bias). In both cases the degradation was signiﬁcantly
more pronounced compared to cells exposed to light at room temperature (see
Figure 5.3). It was observed that most of the degradation occurs directly after5.3. Effect of ageing on the device performance 71
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Figure 5.5: Normalized parameters for the P3HT:[60]PCBM bulk heterojunction solar
cells (see legend) measured during 360 hours of constant illumination, at open-circuit
conditions, at a temperature of 50
oC in nitrogen atmosphere. Empty symbols are solar
cells with Al top contact and full symbols are solar cells with Sm/Al top contact.
the illumination was switched on and consequently during the rise in temper-
ature, and all cell parameters are affected. This initial degradation is attributed
to the morphology changes at the elevated temperature of the cells, and it is not
observed for the degradation carried out at room temperature (as seen in Figure
5.3).
Another issue is the effect of the top electrode on the degradation process.
Since the contact resistance between the active layer and metal electrode could
beaffectedbylightexposure, westudiedsolarcellswithdifferenttopelectrodes.
Figure 5. 5 shows the decay of the photovoltaic parameters (JSC, VOC, and FF)
of P3HT:[60]PCBM solar cells having either Sm/Al or only an Al as top elec-
trode. In both cases the same degradation was observed for all cell parameters,
after 360 hours of continuous illumination at 50 oC. These results indicate that
the top electrodes used in our devices do not signiﬁcantly affect the stability of
these devices under illumination. Therefore most probably the degradation in
cell parameters, as seen in this speciﬁc study, might be caused by the changes
that occur in the active layer of the solar cells.
5.3.3 External quantum efﬁciency (EQE)
In order to gain an additional understanding of the origin of solar cell degrada-
tion upon illumination, we investigated the EQE of the P3HT:methanofullerene72 Chapter 5: Stability tests of P3HT:methanofullerence solar cells
0
10
20
30
40
50
60
70
400 450 500 550 600 650 700 750 800
0.2
0.4
0.6
0.8
1.0
   [60]PCBM
   [70]PCBM
   [60]ThCBM
 
E
Q
E
 
[
%
]
E
Q
E
 
(
t
=
1
0
0
0
)
/
E
Q
E
 
(
t
=
0
)
Wavelength [nm]
Figure 5.6: Inﬂuence of the ageing on the EQE of the P3HT:methanofullerene solar cells
(see legend). The full symbols represent the initial EQE measurements (taken at t=0
hours), whereas the empty symbols indicate the EQE measured after 1000 hours of illu-
mination at room temperature and in nitrogen atmosphere.
solar cells. Figure 5.6 shows the EQE as a function of the incident wavelength
for solar cells measured before and after 1000 hours of illumination at room
temperature for blends of P3HT and the three methanofullerenes used in this
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Figure 5.7: Normalized absorption coefﬁcients of a pristine [60]PCBM, P3HT ﬁlms and
of a P3HT:[60]PCBM (1:1 w/w) blend ﬁlm.5.4. Conclusion 73
investigation. These measurements were performed at ECN laboratories. The
lower part of the Figure 5.6 shows that a much stronger degradation occurs for
wavelengths below 500 nm irrespective of the fullerene used. For these short
wavelengths the EQE of the solar cells is very likely dominated by the response
of fullerene absorption (as can be seen from Figure 5.7) and the subsequent hole
transfer at donor:acceptor interface. This could be an indication that after illu-
mination less excitons generated in the fullerene domain are able to dissociate
into free charge carriers as a result of a more unfavorable morphology created
during illumination.
5.4 Conclusion
The experimental results reported in this chapter show that the highest power
conversion efﬁciency (3.8%) for the slow growth P3HT:methanofullerene ﬁlms
is obtained for P3HT:[60]ThCBM solar cells, mostly due to its superior ﬁll fac-
tor. The P3HT:[70]PCBM cell was found to be the most stable one, with a power
conversion efﬁciency decreasing to about 82% of initial performance, after 1000
hours of operation under continuous illumination at room temperature. The
[70]PCBM is a mixture of isomers and has less tendency to crystallize compared
to [60]PCBM and [60]ThCBM therefore this kind of degradation of cell perfor-
mance as a result of phase separation with this higher fullerene derivative in
the active layer is very likely reduced. This means that the crystallization of
the methanofullerene phase might play an important factor in the stability of
devices under continuous illumination. Moreover, for the case when degra-
dation tests were performed at higher temperatures, most of the degradation
occurred directly after the illumination was switched on and thus during the
rise in temperature, and this affected all cell parameters. This initial degrada-
tion might be attributed to morphology changes in the photoactive layer at the
elevated temperature of the cells. Furthermore, the hole mobility through the
P3HT phase in the blend is slightly higher after 200 hours of continuous illumi-
nation, compared with the hole mobility before degradation test. The changes
in morphology could favor hole transport and in the same time be unfavorable
for the electron transport leading to an unbalanced charge carrier mobility in
the devices after the stability test. Additional results presented in this chapter
indicate that the top electrodes used do not signiﬁcantly affect the stability of
P3HT:methanofullerene devices under continuous illumination. This is another
indication that the degradation in the cell parameters, under speciﬁc test condi-
tions used in this study, is caused by the changes that occur in the active layer74 Chapter 5: Stability tests of P3HT:methanofullerence solar cells
of the solar cells.
In the last Chapter experimental studies of the bulk heterojunction solar cells
containingtwodifferenttypesofn-typesemiconductors[60]PCBMand[70]PCBM
(of which one as a mixture of isomers) in combination with rr-P3HT as a p-type
semiconductor will be presented.REFERENCES AND NOTES 75
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Efﬁcient PV blends comprising more
than two semiconductors
In this chapter we present experimental studies of the bulk heterojunction solar
cells containing, concomitantly in the same device, two different types of n-type
semiconductors [60]PCBM and [70]PCBM (of which one as a mixture of isomers,
in this case) in combination with a p-type semiconductor, here rr-P3HT. Replac-
ing the n-type with the [60]PCBM/[70]PCBM mixture with no change in pro-
cessing conditions results in identical device performance within experimental
error. Next, we show that this concept generalizes to other fullerene derivative
types. The fullerene bis-adducts, used as n-type semiconductors in combina-
tion with rr-P3HT, are promising candidates for increasing power conversion
efﬁciency of the solar cells because they show a clear enhancement in the VOC
compared with the ”state of the art” P3HT:[60]PCBM solar cells. Furthermore,
the effect that certain impurities in the n-type semiconductor composition (such
as pure C60 or PCBM derivatives of fullerenes higher than C70) have on the elec-
trical properties of the solar cell devices is quantiﬁed.
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6.1 Introduction
Signiﬁcant progress has been made in the development of thin-ﬁlm organic-
based electronic devices, such as solar cells [1–5], transistors [6–8], photodetec-
tors [9], sensors, and other devices for commercial application. The two main
forces that drive this upcoming technology is the promise of low cost and pos-
sibility of mass production. Many of these devices utilize solution-processable
semiconductors based on fullerene derivatives in pure form. The most com-
monly used fullerene derivative is [60]PCBM [10], which is a methanofullerene.
Another methanofullerene derivative is [60]ThCBM [11], as used in Chap-
ter 3. Methanofullerenes possess many beneﬁts compared to the native (un-
derivatized) fullerene in organic electronics applications. One beneﬁt is their in-
creased processability compared to native fullerenes, while maintaining much
of the desirable electronic properties of the native fullerene. The increase in
processability is related to an approximately ten-fold increase in solubility in
aromatic solvents.
Very limited research exists on the potential of the cost aspect of future mass
production of plastic PV devices. The cost of production of the two components
of the PV active layer, i.e. the donor and acceptor materials, should deﬁnitely
be relatively low compared to the total cost of the device. Further reduction of
the materials prices is therefore needed and fortunately possible. Since new and
improved donor materials are being developed steadily, it is quite hard to make
a good assessment of the cost aspect of the donors, at the moment. This does
not seem to be the case of the acceptor component. Some alternative fullerene
acceptors have been described more recently, but very little research seems to
indicate (at least up to now) that acceptors outside the fullerene realm are true
competitors. Hence it is of great importance for the ﬁeld to investigate and
optimize the cost and availability aspects of fullerenes and their derivatives,
and to assure that even up to a terawatt/year production this technology would
indeed be feasible from the materials point of view. The basic atom ingredient
carbon, like its classical counterpart silicon, is readily available. Independent
of the production method, fullerenes are always formed as a mixture of carbon
cagesCn withn=60, 70, 76, 78, 84, andmanyother”higher”fullerenes. Isolation
and puriﬁcation of C60 (by far the most abundant fullerene) or C70 (the second
in abundance) from mixed fullerenes remains a costly procedure, but it is more
feasible to separate these two fullerenes from the higher ones.
In the cost analysis of the fullerene derivatives commonly used in organic
solar cells, such as [60]PCBM, the fullerene raw material is at present the largest6.1. Introduction 79
driver of ﬁnal cost of the derivative. The high price of single component
fullerenes C60 and C70 is due to the high price of separation and puriﬁcation,
which is clearly seen by comparing the cost of pure fullerene grades to the as-
produced ”raw” fullerene grades, which are mixtures primarily of C60 and C70.
Sincethecompositionoftheactivelayeristypicallyatleasthalffullerenederiva-
tive for this type of organic solar cells, there is a large incentive in ﬁnal device
cost-savings to minimize fullerene puriﬁcation as much as possible.
The photoactive layer of organic bulk heterojunction solar cells is based on a
blend of an electron donating material (p-type semiconductor) and an electron
accepting material (n-type semiconductor) forming nanostructured bicontinu-
ous interpenetrating network. So far all these solar cells utilize a single n-type
(acceptor) semiconductor. Furthermore, the use of two or more different n-type
semiconductors concomitantly in the same device is essentially unheard of in
the ﬁeld of organic solar cells let alone in the ﬁeld of classical inorganic electron-
ics.
In this chapter experimental studies of the solar cells performance of blends
of rr-P3HT and a mixture of two n-type semiconductors [60]PCBM and [70]PCBM
(of which one as a mixture of isomers) are presented. It should be noted that
[60]PCBM and [70]PCBM have a close to identical ﬁrst reduction potential and
the onset of their optical absorption is also identical (¼ 695 nm). Hence, both
the HOMOs and LUMOs of these molecular semiconductors are (close to) iden-
tical. Further, the potential of improvingpower conversion efﬁciencyof the bulk
heterojunction solar cells using [60]ThCBM bis-adducts and/or [70]ThCBM bis-
adducts is investigated with respect to their superior VOC. In the end, the effect
that certain impurities in the n-type semiconductor composition (such as pure
C60 or PCBM derivatives of fullerenes higher than C70) have on the electrical
properties of the solar cell devices is quantiﬁed.
The detailed fabrication procedure and the electrical characterization of
the devices are described in detail in Chapter 2. Particulary here the sol-
vent used for spin coating the active layers was ortho-dichlorobenzene (ODCB)
and the weight to weight ratio of P3HT:acceptor was always 1:1. Spin coat-
ing the photoactive layer from ODCB results in wet ﬁlms, which were dried
overnight at room temperature, in a closed Petri dish in nitrogen glove box.
We refer to the layers obtained by this method as slow growth active layers.
The acceptors comprise of [60]PCBM, [70]PCBM, [60PCBM/[70]PCBM mix-
ture, [60]ThCBM, [70]ThCBM, [60]ThCBM/[70]ThCBM mixture, [60]ThCBM
bis-adducts, [70]ThCBM bis-adducts, [60]ThCBM bis-adducts/[70]ThCBM bis-
adducts mixture, and a [60]BPMF/[70]BPMF mixture. The chemical formulae of80 Chapter 6: Efﬁcient PV blends comprising more than two semiconductors
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Figure 6.1: The chemical formulae of the methanofullerenes used in this chapter.
all these fullerenes used here are shown in Figure 6.1. The design of the exper-
iments and the analysis of the obtained data throughout this chapter was done
using a conﬁdence-interval and hypothesis-testing procedure for single factor
experiments [12]. The experimental factor chosen here was the acceptor mix-
ture of methanofullerenes while the response variable was solar cell parameters6.2. Mixture of two n-type semiconductors in the active layer 81
(JSC, VOC, FF, and ´). Statistical models were used to describe the responses
from experiments, such as Tukey’s honestly signiﬁcant difference (HSD) proce-
dure [12, 13].
6.2 Mixture of two n-type semiconductors in the active layer
Figure 6.2 shows the mean values for VOC and ´ of the P3HT:acceptor (1:1 w/w)
blend devices fabricated under identical processing conditions where the only
difference was in the composition of the acceptor. Here the acceptor is a blend
of [60]PCBM and [70]PCBM, each of 99% pure or higher. Fullerenes higher in
molecular weight than C70 and fullerene derivatives higher in molecular weight
than [70]PCBM were removed, since these compounds may act as electron traps
and diminish performance (see section 6.4). The intervals around each averaged
value in Figure 6.2 are based on Tukey’s HSD multiple comparison procedure
[12, 13]. Based on this statistical analysis of the experimental data, there is suf-
ﬁcient evidence to conclude that the means of all solar cell parameters (see Ta-
ble 6.1) are not signiﬁcantly different across various compositions of [60] and
[70]PCBM in the acceptor mixture. [60]PCBM and [70]PCBM do have very dif-
ferent solubilities and precipitation behaviors as pure components, but blends
of the two surprisingly do not seem to affect morphology or complicate the pro-
cessing conditions for devices. It is known by now that signiﬁcant optimization
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Figure 6.2: Mean VOC and ´ values of the P3HT:acceptor (1:1 w/w) solar cells as
a function of the weight percentage of [70]PCBM in the acceptor mixture (given by
[60]PCBM:[70]PCBM). The 95% Tukey HSD conﬁdence intervals are shown for all av-
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Table 6.1: Mean values and 95% Tukey HSD intervals of the P3HT:acceptor (1:1 w/w)
solar cells parameters. The acceptor here is a mixture of [60]PCBM and [70]PCBM in the
weight percentage of [70]PCBM indicated in the ﬁrst column. The active layer thickness
of all devices ranges from 180 to 300 nm.
[70]PCBM Counts JSC VOC FF ´
(%) (-) (mA/cm2) (mV) (%) (%)
0 6 9.0 (§0.54) 563 (§5.5) 66.4 3.3 (§0.13)
20 6 9.4 (§0.54) 558 (§5.5) 65.3 3.4 (§0.13)
30 6 9.4 (§0.55) 558 (§5.7) 65.1 3.4 (§0.13)
50 6 9.0 (§0.57) 561 (§5.9) 65.2 3.3 (§0.14)
70 6 9.4 (§0.53) 556 (§5.5) 64.8 3.4 (§0.13)
80 6 9.0 (§0.53) 564 (§5.5) 64.0 3.3 (§0.13)
90 6 8.9 (§0.54) 556 (§5.5) 65.3 3.2 (§0.13)
100 6 9.7 (§0.54) 555 (§5.5) 63.2 3.4 (§0.13)
efforts are often required because small changes in processing conditions and
materials can cause signiﬁcant changes in device performance.
Table 6.2: Mean values and 95 percent Tukey HSD intervals of the photovoltaic pa-
rameters of P3HT:acceptor (1:1 w/w) solar cells. The acceptor composition is either a
methanofullerene or a mixture of methanofullerenes (3:1 w/w of [60]:[70] unless other-
wise indicated in the table).
acceptor Counts JSC VOC FF ´
(-) (mA/cm2) (mV) (%) (%)
[60]ThCBM 6 9.8 (§0.46) 553 (§3.2) 62.5 3.4 (§0.22)
[70]ThCBM 6 10.9 (§0.46) 557 (§3.2) 62.5 3.8 (§0.22)
[60]:[70]ThCBM 5 11.1 (§0.50) 559 (§3.4) 62.5 3.9 (§0.30)
[60]ThCBM bis-
adducts
6 6.7 (§0.46) 635 (§3.2) 65.2 2.8 (§0.20)
[70]ThCBM bis-
adducts
6 6.4 (§0.46) 627 (§3.2) 59.1 2.4 (§0.22)
[60]:[70]ThCBM
bis-adducts
6 6.5 (§0.46) 628 (§3.2) 62.5 2.5 (§0.22)
[60]:[70]BPMF
(4:1)
6 4.1 (§0.58) 515 (§7.1) 26.2 0.5 (§0.13)
[60]:[70]BPMF
(3:2)
6 6.1 (§0.58) 562 (§7.1) 40.9 1.4 (§0.13)
The results shown in Figure 6.2 indicate that by replacing the n-type with
the [60]PCBM/[70]PCBM mixture with no change in processing conditions or
device parameters results in identical device performance within experimental
error.6.2. Mixture of two n-type semiconductors in the active layer 83
One important thing, in terms of device operation, that [60]PCBM and
[70]PCBM have in common is their electron accepting ability (as determined
by the reduction potential) or, in other words, their lowest unoccupied molec-
ular orbital (LUMO) level. For donor=acceptor blends, the LUMO level of the
acceptor determines the upper limit of the VOC [14]. In order to verify the gen-
eral applicability of the mixtures of fullerene derivatives in the acceptor, new
fullerenes with the same LUMO levels (such as [60]ThCBM and [70]ThCBM,
[60]ThCBM bis-adducts and [70]ThCBM bis-adducts, [60]BPMF and [70]BPMF)
were tested, see Figure 6.1. Figure 6.3 shows the J ¡ V characteristics of the
P3HT:acceptor solar cell devices under illumination. The weight to weight mix-
ture of the C60 fullerene derivatives to C70 fullerene derivatives in the active
layer is 3:1. Very similar J ¡ V characteristics are observed for ThCBM’s but
also for ThCBM bis-adducts, especially for VOC. The statistical analysis of the
solar cells parameters are listed in Table 6.2. As can be seen from the table,
there is no statistical difference between [60] and [70]ThCBM and their mixtures
or between [60] and [70]ThCBM bis-adducts and their mixture. This further
strengthens the results obtained in Figure 6.2 with PCBM. It should be noted
that the [60]BPMF and [70]BPMF mixtures indicated in Table 6.2 shows statis-
tically different results, because the solar cells were not fully optimized with
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Figure 6.3: J-V characteristics under illumination of the best
ITO/PEDOT:PSS/P3HT:acceptor (1:1 w/w)/Sm/Al devices. The acceptor compo-
sition here is either [60]ThCBM and [70]ThCBM or a mixture of them, and [60]ThCBM
bis-adducts and [70]ThCBM bis-adducts or a mixture of them (in the weight ratios
indicated in the legend).84 Chapter 6: Efﬁcient PV blends comprising more than two semiconductors
respect to the solubility and ﬁlm crystallinity.
6.3 Improving open-circuit voltage using bis-adducts
fullerenes
One of the basic photovoltaic parameters that limits the overall performance of
the P3HT:[60]PCBM bulk heterojunction photovoltaic devices is the VOC. This
parameter received much attention in the last couple of years [10, 14–17]. In
case of ohmic contacts, meaning that the work function of the positive elec-
trode matches the HOMO level of the donor and the negative electrode matches
that of the LUMO level of the acceptor, the VOC is governed by the HOMO-
LUMO difference of the donor and the acceptor [14]. Consequently, the VOC
can be increased by either lowering the HOMO level of the polymer (the donor)
or raising the LUMO level of the fullerene (the acceptor) until remaining suf-
ﬁcient offset between the LUMOs of the donor and the acceptor necessary for
charge transfer [18] . In our laboratory, a lot of effort has been put to inﬂuence
the LUMO level of [60]PCBM by placing electron donating and electron with-
drawing substituents on the phenyl ring, allowing further optimization of the
VOC of polymer:fullerene organic solar cells [19]. The [60]ThCBM bis-adducts
(see molecular structure depicted in Figure 6.1) have the ﬁrst reduction poten-
tials (as measured with cyclic voltametry) ¼ 100 mV more negative compared
to [60]PCBM. Therefore these bis-adducts of fullerene derivatives could be a
real candidates for further improving the power conversion efﬁciencies of bulk
heterojunction solar cells when blended with rr-P3HT (Lenes et al., Advanced
Materials in print).
Figure 6.4 shows the VOC values of a series of six photovoltaic devices fab-
ricated under the same processing conditions and containing rr-P3HT as the
electron donor and different methanofullerenes as the electron acceptor. The
methanofullerenes comprise [60]ThCBM, [70]ThCBM, [60]ThCBM/[70]ThCBM
mixture, [60]ThCBM bis-adducts, [70]ThCBM bis-adducts, and [60]ThCBM bis-
adducts/[70]ThCBM bis-adducts mixture. The device structure is ITO/PEDOT:
PSS/P3HT:methanofullerene (1:1 w/w)/Sm/Al. As seen in Figure 6.4, all de-
vices fabricated using bis-adducts fullerenes show a clear enhancement in the
VOC of the cells by an average of 75 mV (in close agreement with the expec-
tation from their reduction potentials). All parameters of the solar cells are
shown in Table 6.2. However, in spite of the enhancement in VOC, the solar
cells fabricated using ThCBM bis-adducts do not exhibit superior cell efﬁcien-
cies (solely because of much lower JSC) as compared with ThCBM. It should be6.4. Effect of impurities in the fullerenes on cell efﬁciency 85
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Figure 6.4: Mean VOC values of the ITO/PEDOT:PSS/P3HT:Methanofullerene (1:1
w/w)/Sm/Al solar cell devices. The methanofullerenes used and their 3:1 w/w mix-
tures are shown in the legend. Each data point is an average of 6 devices.
noted that the solar cells using ThCBM bis-adducts were fabricated using the
process conditions optimized for [60]ThCBM, and almost certain the ﬁlm mor-
phology may vary signiﬁcantly from that with ThCBM bis-adducts (which are
bigger molecules). As the JSC of the bulk heterojunction solar cells is strongly
related to the solid-state morphology of the photoactive layer, the optimization
of the process condition is required in order to maximize the efﬁciency for these
new molecules. The recently obtained results with PCBM bis-adducts were ob-
tained after substantial optimization efforts (Lenes et al., Advanced Materials in
print).
6.4 Effect of impurities in the fullerenes on cell efﬁciency
The impact that impurities present in the fullerene acceptors can have on device
performance is linked, at least in part, to the degree of energetic disorder (or
lack of crystallinity) that inﬂuences the electron mobility [20, 21]. Impurities
may affect the morphology, the electronic properties, and device performance
of a solar cell device in an unpredictable manner. For example trace amounts of
higher fullerenes in the [60] or [70]PCBM may alter signiﬁcantly the VOC of the
device, since the reduction potentials of fullerenes are not the same. Therefore it
is important to understand and predict the behavior of the solar cells upon the
presents of impurities in fullerene mixture.86 Chapter 6: Efﬁcient PV blends comprising more than two semiconductors
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
-10
-8
-6
-4
-2
0
2
4
6
8
 [60]PCBM:[70]PCBM
 [60]PCBM:[70]PCBM + C
60
 (13%)
 [60]PCBM:[70]PCBM + C
60
 (39%)
 [60]PCBM:[70]PCBM + [C
n
]PCBM (4%)
J
 
L
i
g
h
t
 
[
m
A
/
c
m
2
]
V
bias
 [V]
Figure 6.5: JLight-V characteristics of the best ITO/PEDOT:PSS/P3HT:acceptor (1:1
w/w)/Sm/Al solar cell devices. Here the acceptor is a [60]PCBM/[70]PCBM mix-
ture (3:1 w/w) which is contaminated with molar percentage of C60 (see the
legend).[Cn]PCBM describes all the PCBM derivatives of fullerenes higher than C70.
Herein we have investigated the device performance of P3HT:fullerene (1:1
w/w) blends by intentionally contaminating the fullerenes acceptors with vari-
ous amounts of pure C60 or other fullerenes with higher molecular weight. The
acceptors used here are [60]PCBM, [70]PCBM or [60]PCBM/[70]PCBM mixture
with a purity of about 99% or higher. Including C60 up to 2.5% (molar) in the
P3HT:[60]PCBM (1:1 w/w) active layer does not degrade the photovoltaic per-
formance even if the VOC is decreasing with ¼ 17 mV. The decrease of the VOC
Table 6.3: Mean values and 95 percent Tukey HSD intervals of the photovoltaic parame-
ters of P3HT:acceptor (1:1 w/w) solar cells. The acceptor composition is either [60]PCBM
(denoted as A) or a 3:1 w/w mixture of [60]PCBM and [70]PCBM (denoted as B). All the
methanofullerenes used here are intentionally contaminated with various (molar) per-
centages of C60. [Cn]PCBM describes all PCBM derivatives of fullerenes higher than C70.
acceptor Counts JSC VOC FF ´
(-) (mA/cm2) (mV) (%) (%)
A 3 9.6 (§1.66) 582 (§4.2) 58.7 3.3 (§0.45)
A + 2.5 % C60 6 9.5 (§1.17) 566 (§3.0) 62.4 3.3 (§0.32)
B 5 8.3 (§1.28) 550 (§3.3) 62.5 2.8 (§0.35)
B + 13% C60 6 8.1 (§1.17) 504 (§3.0) 60.7 2.5 (§0.32)
B + 39% C60 6 6.3 (§1.17) 479 (§3.0) 56.9 1.7 (§0.32)
B + 4% [Cn]PCBM 9 1.0 (§0.18) 289 (§2.7) 42.1 0.12 (§0.09)6.4. Effect of impurities in the fullerenes on cell efﬁciency 87
B B+13% B+39% A A+2.5%
480
490
500
510
520
530
540
550
560
570
580
590
2
4
6
8
10
12
14
Molar percentage of C
60
V
O
C
 
[
m
V
]
A = [60]PCBM
B = [60]PCBM:[70]PCBM
 V
OC
 J
SC
J
S
C
 
[
m
A
/
c
m
2
]
Figure 6.6: Operational parameters for the ITO/PEDOT:PSS/P3HT:acceptor (1:1
w/w)/Sm/Al solar cell devices as a function of the molar percentage of C60 in the
acceptor. Here the acceptor is either [60]PCBM (denoted as A) or [60]PCBM/[70]PCBM
mixture (3:1 w/w) (denoted as B). The circles represent the VOC and the triangles repre-
sent the JSC (see the legend).
is compensated by the increase in the FF, and in this way the solar cell efﬁ-
ciency (´) stays the same as compared with the bulk heterojunction solar cells
with an active layer without contamination with C60 (see Table 6.3). The inﬂu-
ence of pure C60 that is added to an acceptor mixture of [60]PCBM:[70]PCBM
(3:1 w/w) was further investigated. Figure 6.5 shows the photocurrent (JLight)
of these solar cells for different levels of pure C60 in the acceptor mixture. From
Figure 6.5 and Table 6.3 it can be seen that 39% molar of pure C60 in the active
layer leads to a decrease of 1.1% (absolute) of the power conversion efﬁciency
as compared with uncontaminated cells (our reference cells, denoted as B in the
Table 6.3). Nevertheless, the introduction of up to 39% molar of pure C60 in
the acceptor mixture did not completely degrade the device performance. On
the other hand, however, the addition of only 4% (molar) of PCBM derivatives
greater than C70 (which are deep traps), resulted in a strong decrease in the cell
efﬁciency. This is understood to be due to a combined effect of a decrease in
VOC, as a result of lower lying LUMO level for higher fullerenes, but also by a
decrease in JSC as a result of deep traps introduced in the active layer [21].
Figure 6.6 shows the variation of the VOC and JSC as a function of the molar
percentage of C60 added in the active layer. The VOC (represented by the cir-
cles) is decreasing rapidly with the amount of C60 introduced in the active layer
indicating that traps lower the quasifermilevel therefore the LUMO level of the88 Chapter 6: Efﬁcient PV blends comprising more than two semiconductors
resulted acceptor is altered. Furthermore, the JSC (represented by the triangles)
is staying constant till C60 reached a concentration of 39 %. The fact that the
JSC is staying constant at low concentrations of C60 in the active layer conﬁrms
that we do not introduce electron traps by introducing C60. We simply obtain
the VOC of P3HT:C60 cell, but of one in which morphology is inﬂuenced by the
presence of the methanofullerene. At 39 % (molar) of C60 in the active layer one
may expect percolation in the C60 phase and the JSC starts to decrease.
6.5 Conclusion
In conclusion, we have shown that blends of [60]PCBM and [70]PCBM can be
used as n-type semiconductor in combination with rr-P3HT for bulk hetero-
junction solar cells. By replacing the n-type semiconductor with a [60]PCBM/
[70]PCBM mixture, without any optimization in the processing conditions, de-
vice performance of these type of solar cells shows very little or no sensitivity
to the blend composition. The use of a mixture of a C60 fullerene derivative and
a C70 fullerene derivative as the semiconductor composition in photovoltaic de-
vices is advantageous because it is much less expensive to prepare a mixture of
a C60 fullerene derivative and a C70 fullerene derivative compared to a pure C60
or C70 fullerene derivative. Preparation of a pure C60 or C70 fullerene derivative
necessarily requires expensive puriﬁcation processes at some stage in the syn-
thesis. This puriﬁcation is necessary because known processes for producing
native fullerene feedstocks produce mixtures of fullerenes.
The fullerenes bis-adducts, used as a n-type semiconductors in combination
with rr-P3HT, are real candidates for increasing the power conversion efﬁciency
of the bulk heterojunction solar cells because they show a clear enhancement
in VOC (with approximately 80 mV) compared with P3HT:[60]ThCBM solar cell
devices.
Finally, we demonstrate that by introducing some trace amounts of pure C60
in a given fullerene derivative n-type semiconductor does not strongly reduce
the VOC of the solar cells. Furthermore, by including in the n-type semiconduc-
tor trace amounts of PCBM derivatives of fullerenes higher than C70 ([Cn]PCBM
, where n>70), which are deep traps, the device performance is drastically al-
tered due to the signiﬁcant decrease of the VOC as a result of a lower lying
LUMO level for these PCBM derivatives.REFERENCES AND NOTES 89
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The direct conversion of the sunlight into electricity is the most elegant process
to generate environmentally-friendly renewable energy. Plastic solar cells offer
the prospect of ﬂexible, lightweight, lower cost of manufacturing, and hope-
fully an efﬁcient way to produce electricity from sunlight. Since the discovery
of photo induced charge transfer from a conjugated polymer to C60, followed
by introduction of the bulk heterojunction concept, this material combination
has been extensively studied in organic solar cells leading to a power conver-
sion efﬁciency approaching 6% nowadays. A typical bulk heterojunction solar
cell (see Figure 1) consists of a photoactive layer sandwiched between two dif-
ferent electrodes. Clearly, if the cell is to be exposed to light, at least one of
the electrodes must be (semi-)transparent. The photoactive layer is based on a
blend of an electron donating material (p-type semiconductor) and an electron
accepting material (n-type semiconductor) forming nanostructured bicontinu-
ous interpenetrating networks. The fundamental steps in molecular solar power
conversion are: absorption of a photon creating an exciton (bound electron-hole
pair); excitondiffusion; chargetransferatdonor/acceptorinterface; dissociation
and separation of the carrier pair; charge carrier transport to the corresponding
electrodes; collection of charges by the electrodes.
Figure 1: Device conﬁguration of a bulk heterojunction solar cell with a photoactive layer
consisting of a blend of rr-P3HT (the donor) and methanofullerene (the acceptor).
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Although signiﬁcant progress has been made for bulk heterojunction pho-
tovoltaic devices, the current efﬁciency of these solar cells does not guarantee
(large scale) commercialization. The most commonly used n-type semiconduc-
tor in the bulk heterojunction solar cells is [60]PCBM. Up till now [60]PCBM
remains the best performing soluble fullerene derivative in combination with
rr-P3HT. Improving the performance and lifetime of bulk heterojunction solar
cells requires careful design and material engineering, and more insight in the
operation of these devices. This thesis addresses the possibility of using new
fullerene derivatives in organic bulk heterojunction photovoltaic devices, and
discusses the preparation, and the morphological and electrical characterization
of devices made from rr-P3HT and a library of new methanofullerenes.
In Chapter 2, the experimental set-up used to study the device characteristics
of bulk heterojunction solar cells based on different n-type semiconductors is
outlined. A short overview of the materials used and the protocols that we de-
veloped for reproducible device preparation and characterization is presented.
The preparation of an analogue of [60]PCBM with the aim of improving mis-
cibility with polythiophenes donors, especially rr-P3HT is described in Chapter
3. In this compound the phenyl group from [60]PCBM is replaced by a thienyl
group, resulting in [60]ThCBM (see Figure 1). The electrical characterization
of pristine [60]ThCBM ﬁlms reveals that its electron transport properties equal
those of [60]PCBM, which indicates that the electron transport properties are
not altered upon replacing the phenyl with a thienyl group. When [60]ThCBM
was blended with MDMO-PPV (1:4 w/w) the power conversion efﬁciency was
lower compared to that of the MDMO-PPV:[60]PCBM solar cells, due to an un-
balanced charge transport (the hole mobility of MDMO-PPV is not strongly en-
hanced upon blending with [60]ThCBM). In contrast, when using [60]ThCBM
in combination with P3HT (1:1 w/w) as the donor counterpart, the improved
morphology, after thermal annealing and the optimized absorber composition,
leads to a power conversion efﬁciency up to 3.0%. The increase of efﬁciency,
after thermal annealing, is due to the increasing crystallinity of P3HT and hence
the enhancement of the hole mobility in the P3HT phase of the blend by two
orders of magnitude relative to as cast devices.
In Chapter 4 we present a more detailed study of the morphology and electri-
cal properties of photovoltaic devices consisting of blends of rr-P3HT as electron
donor and [60]ThCBM as an electron acceptor. The solar cells were fabricated
by depositing the photoactive layer from solvents with different boiling points.
In this way the growth rate of the ﬁlms was controlled. It is shown that slow
growing of the active layer ﬁlms in P3HT:[60]ThCBM (1:1 w/w ) blends, by93
using solvents with a high boiling point, facilitates the formation of highly crys-
talline ﬁlms. This enhances the interchain interactions in the P3HT phase, and
improves the hole transport in the blend by an order of magnitude. This leads
to a well balanced charge carrier transport in the blend. The difference in power
conversion efﬁciency between slow and fast grown ﬁlms is mainly determined
by the difference in the ﬁll factor and open-circuit voltage of the cells. Although
the open circuit voltage tends to be lowered (with approximately 40 mV) in de-
vices with active layers with a higher degree of molecular organization, it is
the signiﬁcant increase in the ﬁll factor (up to 70%) which gives much higher
(13% relative) power conversion efﬁciencies. The beneﬁt of better charge trans-
port for slow growing ﬁlms makes it possible to fabricate thicker ﬁlms (¼ 300
nm) without signiﬁcant loss in ﬁll factor, and therefore it allows for maximizing
light absorption in these blends.
In spite of the high potential of polymer photovoltaic cells, a major chal-
lenge remains the improvement of their stability under operational conditions.
Therefore, in Chapter 5 the stability of the slow growth P3HT:methanofullerene
solar cells devices has been investigated. The methanofullerenes used in this
chapter are [60]PCBM, [60]ThCBM , and [70]PCBM (see Figure 1). Electrical
and optical properties of these devices were monitored for a test period up to
1000 hours under continuous illumination. The experimental results reported
in this chapter show that the P3HT:[70]PCBM cell was found to be the most
stable one, with a power conversion efﬁciency decreasing to about 82% of ini-
tial performance, after 1000 hours of operation under continuous illumination
at room temperature. The hole transport through the blend (P3HT phase) re-
mains unaffected during the stability test, therefore the hole mobility is not the
cause for the degradation observed in the solar cell devices. The decrease in
efﬁciency for solar cells containing [70]PCBM, [60]PCBM, and [60]ThCBM can
be explained by the fact that during illumination also fullerenes crystallize and
form larger crystallites in time, which could result in a decrease of the electron
mobility in the blend as a consequence of interrupted percolation paths. The
[70]PCBM (as a mixture of isomers) has less tendency to crystallize compared
to [60]PCBM and [60]ThCBM, therefore this kind of degradation of cell perfor-
mance as a result of phase separation with this higher fullerene derivative in the
active layer is very likely reduced. Additional results presented in this chap-
ter indicate that the top electrodes used do not signiﬁcantly affect the stability
of P3HT:methanofullerene devices under continuous illumination. The same
degradation for photovoltaic parameters, after 360 hours of continuous illumi-
nation, was observed upon using Al as top electrode instead of Sm/Al. This is94 Summary
another indication that the degradation in the cell parameters, as seen in this
speciﬁc study, might be caused by the changes that occur mainly within the ac-
tive layer of the solar cells during continuous illumination.
In Chapter 6 we present experimental studies of the bulk heterojunction solar
cells containing, concomitantly in the same device, two different types of n-type
semiconductors [60]PCBM and [70]PCBM (of which one as a mixture of iso-
mers, in this case) in combination with a donor material, here rr-P3HT. It should
be noted that both the HOMOs and LUMOs of [60]PCBM and [70]PCBM are
(close to) identical. These two molecular semiconductors do have very different
solubilities and precipitation behaviors as pure components, but using blends
of the two surprisingly does not seem to affect morphology and does not com-
plicate the processing conditions for devices. Simply replacing the n-type with
the [60]PCBM/[70]PCBM mixture with no change in processing conditions or
device parameters results in identical device performance within experimental
error. Next, we show that this concept generalizes to other fullerene derivative
types. The fullerene bis-adducts, used as n-type semiconductors in combina-
tion with rr-P3HT, are promising candidates for increasing power conversion
efﬁciency of the solar cells because they show a clear enhancement in the VOC
compared with the ”state of the art” P3HT:[60]PCBM solar cells. Finally, the
effect that certain impurities in the n-type semiconductor composition (such as
pure C60 or PCBM derivatives of fullerenes higher than C70) have on the electri-
cal properties of the solar cell devices is quantiﬁed. By including in the n-type
semiconductor trace amounts of PCBM derivatives of fullerenes higher than C70
the device performance is drastically inﬂuenced because they act as deep elec-
tron traps.Samenvatting
De directe omzetting van zonlicht in elektriciteit met behulp van zonnecellen
is het elegantste proces voor de productie van duurzame energie. Zonnecellen
gemaaktvanplastics kunnenin principeﬂexibel, lichtengoedkoop zijn, en kun-
nen in de toekomst hopelijk met voldoende efﬁci¨ entie licht omzetten in elek-
triciteit. De ontdekking van ladingsoverdracht van een geleidend polymeer
naar C60 onder invloed van licht, gevolgd door de introductie van het concept
van de bulkheterojunctie, heeft geleid tot uitvoerige studies van deze combi-
natie van materialen in organische (plastic) zonnecellen. Momenteel worden
rendementen tot 6% gehaald voor de omzetting van het invallende lichtvermo-
gen in elektrisch vermogen. Een plastic zonnecel volgens het principe van de
bulkheterojunctie is afgebeeld in Figuur 1. Gewoonlijk bestaat deze uit een fo-
toactieve laag tussen twee verschillende elektroden, waarvan er een licht moet
kunnen doorlaten. De fotoactieve laag zelf bestaat uit een mengsel van een elek-
trondonerend materiaal (p-type halfgeleider) en een elektronaccepterend ma-
teriaal (n-type halfgeleider) die samen een driedimensionaal netwerk vormen
waarin de beide materialen tot op nanometerschaal met elkaar gemengd zijn.
Figure 1: Structuur van een zonnecel volgens het principe van de bulkheterojunctie, met
een fotoactieve laag die bestaat uit rr-P3HT (de donor) en een methanofullereen (de ac-
ceptor).
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De fundamentele stappen in het moleculaire proces dat in deze cel leidt tot de
omzetting van licht in elektrische stroom zijn: absorptie van een foton in een
van beide materialen genereert een exciton (een koppel van een elektron en een
gat, een positieve lading); diffusie van het exciton naar een grensvlak tussen
de beide materialen; ladingsoverdracht bij het donor/acceptor grensvlak; dis-
sociatie en scheiding van de beide ladingen; transport van de beide ladingen,
ieder door een van beide materialen, naar de juiste elektrode; verzamelen van
de ladingen door de elektrodes.
Alhoewel behoorlijke vooruitgang is geboekt voor de fotovolta¨ ısche syste-
men gebaseerd op bulkheterojuncties is het succesvol commercialiseren ervan
momenteelnognietgoedmogelijkdoordathetrendementvandecellennogniet
hoog genoeg is. De meest gebruikte n-type halfgeleider in de bulkheterojunc-
tiezonnecellen is [60]PCBM, omdat dit tot op heden het fullereenderivaat is dat
voldoende oplosbaar is en in combinatie met rr-P3HT de beste resultaten geeft.
Het verder verbeteren van de levensduur en het rendement van de bulkhetero-
junctiezonnecellen vereist, in combinatie met gedetailleerde studie van de werk-
ing van het systeem, een systematische aanpak voor wat betreft het onderzoek
aan en het vari¨ eren van de gebruikte materialen in de fotoactieve laag. In dit
proefschrift worden diverse nieuwe fullereenderivaten getest in de organische
zonnecellen gebaseerd op de combinatie rr-P3HT/methanofullereen, en diverse
relevante eigenschappen van deze cellen, zoals morfologie en geleiding van de
actieve laag, worden onderzocht.
De experimentele opstelling die gebruikt is om de eigenschappen van de
bulkheterojunctie zonnecellen, met daarin de diverse n-type halfgeleiders, te
onderzoeken wordt besproken in Hoofdstuk 2. Tevens wordt een kort overzicht
gegeven van de gebruikte materialen, van de meettechnieken en van de metho-
den die zijn ontwikkeld om de assemblage van de zonnecellen reproduceerbaar
te maken.
Hoofdstuk 3 beschrijft de ontwikkeling van een variant van [60]PCBM met
als doel het verbeteren van de menging van het methanofullereen met polythio-
pheen donoren, zoals rr-P3HT. In deze variant is de benzeenring in [60]PCBM
vervangen door een thiofeengroep, waardoor [60]ThCBM ontstaat (Zie Figuur
1). De elektrische metingen aan ﬁlms van [60]ThCBM laten zien dat het elek-
tronengeleidende vermogen van beide verbindingen gelijk is, dus dat de elek-
trontransporterende eigenschappen niet veranderen door het vervangen van de
benzeengroepdooreenthiofeenring. Eenmengselvan[60]ThCBMmetMDMO-
PPV in een gewichtsverhouding van 1:4 gaf zonnecellen met een lager rende-
ment dan die met [60]PCBM, omdat er een te groot verschil was in het transport97
van de beide ladingen. Het transport van gaten in de MDMO-PPV fase bleek
niet substantieel te stijgen na menging met [60]ThCBM, dit in tegenstelling tot
wat gebeurt in mengsels met [60]PCBM. De combinatie van [60]ThCBM met
de donor P3HT (gewichtsverhouding 1:1) gaf echter zonnecellen met een ren-
dement van 3.0% na optimalisatie van de samenstelling van de actieve laag en
het verkrijgen van een verbeterde morfologie na verwarmen van deze laag. De
stijging van het rendement na verwarmen is het gevolg het meer kristallijn zijn
van de P3HT fase. Hierdoor treedt een stijging van twee ordes van grootte op
van de gatengeleiding in de P3HT fase ten opzichte van die in onbehandelde
actieve lagen.
Een meer gedetailleerde studie van de morfologie en de elektrische eigen-
schappen van fotovoltaische systemen bestaande uit mengsels van het elek-
trondonerende rr-P3HT en de electronacceptor [60]ThCBM wordt beschreven
in Hoofdstuk 4. Oplossingen van de organische materialen in een aantal oplos-
middelen met verschillende kookpunten werden gebruikt voor het maken van
de actieve laag van de zonnecellen. Dit maakt het mogelijk om de groeisnel-
heid van de ﬁlm te controleren. De resultaten toonden aan dat in het geval van
P3HT:[60]ThCBM mengsels (in een 1:1 gewichtsverhouding) het langzaam laten
groeien van de actieve laag de vorming van meer kristallijne ﬁlms bevordert.
Deze ﬁlms worden verkregen als een oplosmiddel met een hoog kookpunt
wordt gebruikt.In dergelijke ﬁlms is er een betere interactie tussen de polymeer-
ketens in de P3HT fase, waardoor het gatentransport in het mengsel met een
orde van grootte verbetert en een goede balans wordt verkregen in het transport
van de beide ladingen. Het verschil in rendement tussen ﬁlms die langzaam of
snel gegroeid zijn wordt voornamelijk bepaald door het verschil in ”ﬁll factor”
en open klemspanning tussen de beide soorten ﬁlms. De open klemspanning
daalt gewoonlijk met ongeveer 40 mV in ﬁlms die meer moleculair geordend
zijn, maar deze daling wordt gecompenseerd door een signiﬁcante stijging van
de ﬁll factor, waardoor een netto toename van ongeveer 13% (relatief) in ren-
dement wordt bereikt. Het verbeterde ladingstransport in de actieve lagen die
langzaam gevormd worden maakt het ook mogelijk om dikkere ﬁlms (300 nm)
temakenzonderdatdeﬁllfactoralteveelkleinerwordt, zodatdelichtabsorptie
in de ﬁlms kan worden geoptimaliseerd.
De huidige resultaten die worden verkregen met de plastic fotovolta¨ ısche
cellen, zoals de hier beschreven zonnecellen, zijn weliswaar veelbelovend, maar
gaan voorbij aan de noodzaak om ook de stabiliteit van de zonnecellen over
een langere operationele periode te verbeteren. De stabiliteit van de zon-
necellen met langzaam gevormde P3HT:methanofullereen lagen is bestudeerd98 Samenvatting
in Hoofdstuk 5. De gebruikte methanofullerenen zijn [60]PCBM, [60]ThCBM en
[70]PCBM (zie Figuur 1). De elektrische en optische eigenschappen van de
cellen werden gevolgd gedurende een periode van maximaal ongeveer 1000
uur, waarbij de cellen continu belicht werden. De resultaten laten zien dat in
dit geval de P3HT[70]PCBM zonnecel de stabielste is, na 1000 uur werkzaam
te zijn onder continue belichting, met een daling van het rendement naar
82% van de beginwaarde. Het gatentransport in de P3HT fase bleef stabiel
gedurende de testperiode, wat betekent dat verandering in de mobiliteit van
de gaten niet de oorzaak kan zijn van de verslechtering van de werking van
de zonnecel. De rendementsdaling van de zonnecellen kan wel worden verk-
laard door langzame kristallisatie van een deel van de aanwezige fullereen-
moleculen. Hierdoor kan de elektronmobiliteit in het mengsel dalen doordat
een deel van de aanwezige transportwegen wordt onderbroken. In vergelijk-
ing met [60]PCBM en [60]ThCBM heeft [70]PCBM, dat een mengsel van iso-
meren is, veel minder de neiging om kristallen te vormen, zodat deze degra-
datieroute als gevolg van fasescheiding in het geval van actieve lagen met dit
methanofullereen veel minder aanwezig is. Verdere resultaten in dit hoofdstuk
tonen aan dat de topelektroden geen belangrijke invloed hebben op de stabiliteit
van de P3HT/methanofullereen zonnecellen. Na 360 uur continue belichting
bleken de diverse parameters van de zonnecellen in het geval van een Sm/Al
elektrode dezelfde daling te geven als bij een Al elektrode. Dit is opnieuw een
aanwijzing dat de verslechtering van de eigenschappen van de zonnecellen,
zoals gevonden in deze studie, voornamelijk het gevolg is van veranderingen
in de actieve laag.
In Hoofdstuk 6 worden experimenten beschreven aan bulkheterojunctiezon-
necellen waarvan de actieve laag naast het donormateriaal P3HT twee verschil-
lende soorten n-type halfgeleiders bevat, namelijk [60]PCBM en [70]PCBM (waar-
bij de laatste uiteraard als mengsel van isomeren aanwezig is). De positie
van zowel de HOMO als de LUMO van deze twee verbindingen is nagenoeg
gelijk aan elkaar. Deze twee moleculaire halfgeleiders hebben ieder afzonderlijk
echter behoorlijk verschillende oplosbaarheidseigenschappen en een verschil-
lende tendens tot precipiteren. Opmerkelijk genoeg blijkt at het gebruik van
mengsels van beide stoffen in de actieve laag niet leidt tot veranderingen in
de morfologie noch problemen geeft bij het fabriceren van de ﬁlms. Het een-
voudigweg vervangen van de zuivere n-type halfgeleider door een mengsel van
[60]PCBM en [70]PCBM zonder verdere wijziging van de procescondities of an-
dere parameters levert cellen op die binnen de experimentele foutenmarge een
gelijk rendement geven. Verdere experimenten tonen aan dat dit principe alge-